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Abstract
Understanding the Twinning Behavior 
and Deformation Mechanisms of Mg 
Single Crystals during Erichsen Test 
Using Crystal Plasticity FEM
Cheol-Seung Hyun
School of Materials Science and Engineering
The Graduate School
Seoul National University
Magnesium (Mg) alloys with a density of 1.74 g/cm3 are the 
lightweight structural materials and their superior mechanical properties make 
Mg alloys more attractive for various applications. Mg alloys have become 
the key materials especially in the automotive industry for improvement in the 
fuel efficiency due to their low density, excellent specific strength and 
stiffness, exceptional dimensional stability and high damping capacity.
In recent years, the cast Mg alloys have widely been used to produce 
the majority of Mg alloy products. However, the cast Mg alloys fail to meet 
most of the current requirements and the wrought Mg alloys showing both 
better strength and toughness are newly expected to be utilized. However, 
there are still several technical issues to achieve high performance of wrought 
Mg alloys. Mg usually develops strong basal texture during plastic 
deformation, resulting in anisotropic mechanical properties and poor 
formability. Additionally, fundamental observations such as orientation 
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dependency on the slip and twinning modes as well as interactions between 
deformation modes are still rarely reported.
Thus, in the present study, the twinning behavior and deformation 
mechanisms of pure Mg single crystals were investigated via Erichsen test at 
room temperature (RT). In order to establish the unique twinning behaviors 
according to the position of a deformed specimen, microtexture analyses were 
performed on two cross-sections of a deformed specimen via the electron 
backscatter diffraction (EBSD) technique. The EBSD results revealed that 
thin twin bands with different types of twin variants were developed 
throughout the deformed specimen. The crystal plasticity finite element 
method (CPFEM), in relation to both the crystallographic slip and 
deformation twinning, was used to explain the heterogeneous evolution of the 
twin bands throughout the deformed specimen during Erichsen test at RT. 
CPFEM results such as strain components, relative activity of deformation 
modes, and accumulated volume fraction of twin variants can effectively
explain the experimentally observed heterogeneity of the twin bands.
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1.1 Deformation modes in Mg
1.1.1 Slip modes
Figure 1.1 illustrated slip systems in Mg. The colored surfaces 
represent each slip planes and the arrows indicate slip direction Burgers 
vectors. It is known that five independent slips are necessary for 
homogeneous plastic deformation in a material which is called the von Mises 
criterion. In Mg, the (0002) basal slip which has only two independent slip 
systems is preferentially operative because the CRSS for basal slip is much 
lower than those for non-basal slips at room temperature. The activation of 
〈  +  〉 Burgers vector rarely occurs at room temperature, therefore, it is 
important to activate pyramidal slips during plastic deformation. One possible 
source mechanism for 〈  +  〉 dislocations of a pyramidal slip system is 
introduced in Figure 1.2 [1]. Figure 1.2(a) shows the cross slip of 〈 〉
dislocation from the basal plane to a (11 00) prismatic plane. Figure 1.2(b) 
illustrates a 〈  +  〉 dislocation junction, along its near-screw orientation, 
formed when an active prismatic slip dislocation interacts with a sessile 〈 〉
dislocation. Here, 〈 〉 dislocations are assumed to exist in the grain matrix as 
a part of the initial microstructure. The subsequent cross slip of the 〈  +  〉
screw dislocation from the (11 00) prismatic plane to the (112 2) pyramidal 
plane is depicted in Figure 1.2(c).
Table 1.1 summarizes the vector energies for the possible dislocation 
types in Mg. The basal slip was observed to be the prevalent deformation 
2
mode as it was found to be uniformly distributed all over the crystal surface in 
case of Mg single crystal. Traces of slip on the prismatic planes have been 
observed only in parts of the grain which may have been subjected to higher 
stresses such as near corners [2]. Since the basal slip has the lowest CRSS 
value, some works have performed tensile tests with a basal plane parallel 
with the loading direction. This orientation is favorable for the non-basal slip 
and suppressed the basal slip based upon geometric conditions. The results 
showed the prismatic 〈 〉 glide to be the deformation mode at room 
temperature in these conditions with [10 1  1]. Plastic deformation 
characteristics of Mg and Mg-Li single crystals deformed in the hard 
orientation were reported by Stohr and Poirier, Obara, and Ando et al. [3–5].
The information obtained from these investigations was the stress-strain
curves, slip-trace and slip-step height analyses on the surface, and post-
mortem transmission electron microscopy (TEM) characterization of 
dislocation structures. A possible source mechanism for the non-basal 
〈  +  〉 slip dislocations is proposed by M.H. Yoo based on the formation of 
an attractive junction between glissile 〈 〉 and sessile 〈 〉 dislocations from 




Figure 1.1 Slip systems in Mg; (a) basal, prismatic and pyramidal slip systems
with 〈 〉 Burgers vector and (b) four possible pyramidal slip systems with





Figure 1.2 Evolution of the dislocation source for a 〈  +  〉 pyramidal slip 
system; (a) cross slip of 〈 〉 dislocation, (b) formation of 〈  +  〉
dislocation junction and (c) cross slip of 〈  +  〉 dislocation [1].
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1.1.2 Twinning modes
Figure 1.3 shows variation of twinning shear with c/a ratio in HCP 
metals [6]. A filled symbol indicates that the twin mode is an active mode. In 
the crystallographic point of view, the twinned lattice is oriented to a mirror 
image of the untwined lattice. The invariant plane of this shear is called K1
and the shear direction η1; the second undistorted plane is K2, the plane 
containing η1 and the normal to K1 and K2 is the plane of shear. In addition, a 
positive slope represents contraction along the c-axis, while a negative slope 
represents extension. Since c/a ratio of Mg is less than √3, the {101 2} tensile 
twining is formed by extending the crystal along the c-axis, while the {101 1} 
compressive twinning is formed by shortening the crystal along c-axis.
Twinning is usually employed to explain deformation with c 
components and frequently occurs to support limited possible slip modes in 
HCP metals. Mg has the limited number of independent slip systems; a 
minimum of five independent slip modes is required for an arbitrary shape 
change, and twinning modes play an important role in plastic deformation
since twinning can accommodate c-axis strain. Therefore, slip and twinning 
are competitive and interdependent deformation modes especially at low 
temperature.
Table 1.2 summarizes twin type and the corresponding misorientation 
angles/axis in Mg. Among the various types of twins, the {101 2} tensile twin 
and {101 1} compressive twin modes are mostly observed in Mg. Figure 1.4
shows unit cells with the base vectors η1 and η2 for the {101 2} tensile twin
and {101 1} compressive twin modes. d is the interspacing of the twin habit 
planes K1, ∅ is the acute angle between η1 and η2, e is a numerical factors, 
and q is the number of K1 lattice planes intersected by η2. It was reported that 
7
the {101 2} tensile twining only requires the CRSS value of 2 ~ 3 MPa, while 
the {101 1} compressive twinning requires the much larger CRSS value in the 
range of 70 ~ 140 MPa [7]. Reed–Hill and Robertson reported the onset of 
twinning at a tensile stress of 4 MPa, which corresponds to the resolved shear 
stress of 2 MPa, i.e. reversal of the η1 direction will not produce a twin [8].
This means that for a single crystal of given orientation with respect to a uni-
axially applied stress, some variants of particular twin mode should operate 
only in tension, whereas others should operate only in compression. It is 
generally known that the {101 2} tensile twin is most commonly observed in 
Mg and easily activated by compression direction perpendicular to, or tension 
parallel to the c-axis from the geometric reason, as shown in Figure 1.5 [9]. In 
the opposite case, when contraction along the c-axis is accommodated by the 
formation of contraction twins on the {101 1} planes, the basal planes are 
reoriented by 56° around a <112 0> axis.
The most important feature of {101 2} tensile twinning is that it gives 
rise to a crystallographic lattice rotation of 86.3° in twinned regions. This
leads to a change in the microstructural characteristics of the material, such as 
texture and grain size (twins and residual parent grains coexist in an original 
grain), and finally influences the deformation behavior by affecting the 
activities of various slip and twinning modes. The influence of {101 2} tensile
twinning on the deformation can be understood by following three main 
mechanisms [10]: (1) the twin boundaries that have formed can act as barriers 
to dislocation motion, as do grain boundaries, leading to an increase in the
work-hardening rate (i.e.,Hall-Petch hardening). In addition, they transform 
glissile dislocations into sessile dislocations within the twin interiors, and thus 
contribute to strengthening via the Basinski mechanism (i.e., the trapping of 
sessile dislocations inside twins); (2) the accommodation of strain along the c-
8
axis can give rise to a decrease of work hardening rate; (3) the
crystallographic lattice reorientation in twinned regions, caused by {101 2} 
tensile twinning, can enhance or weaken the activities of slip systems by
affecting their Schmid factor.
9
Figure 1.3 Variation of twinning shear with the c/a ratio in HCP metals [6].
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Table 1.2 Twin type and the corresponding misorientation angle/axis in Mg.















aActual axis is 3.7° off <101 0>




Figure 1.4 Crystallographic relations of (a) {101 2} tensile twin and (b) {101 1} 
compressive twin modes in HCP structure.
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Magnesium (Mg) is a promising structural materials that is particularly 
applicable to the automobile industry because it reduces CO2 emissions by 
improving fuel efficiency [11–16]. Despite its high specific strength and 
stiffness, however, the formability in Mg is quite low among lightweight 
commercially available candidates due to a crystallographic anisotropy
induced by a hexagonal close packed (HCP) structure [13,17,18]. Wrought 
Mg and its alloys generally exhibit a strong basal texture caused by a limited 
number of deformation modes. Therefore, the mechanical properties of these 
materials show strong anisotropic characteristics, which results in poor 
formability, particularly at room temperature (RT) [11,14,15,18–25].
In recent years, considerable effort has been extended in the 
development of new Mg alloys with better stretch formability at RT via 
control of the strong basal texture. Unique plastic deformation processes such 
as equal channel angular rolling, asymmetric rolling, and high temperature 
rolling are known to weaken the basal texture effectively [19,21,23,25–27]. 
Alloy design is also regarded as an alternative method to essentially improve 
formability at RT via the addition of alloying elements such as rear earth and 
Ca, which substantially contributed to reducing the basal texture intensity
[14–16,20,22,24,25,28–31].
The critical resolved shear stresses (CRSSs) of prismatic and pyramidal 
slips in Mg are known to decrease with increasing the temperature because 
non-basal slip modes are more easily activated at elevated temperatures
[11,12,19,32,33]. This suggests that because the main deformation modes that 
occur at elevated temperature different from those that occur at RT, and,
therefore, a systematic examination on the deformation mechanism of 
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deformation modes that occur at RT is needed to improve the RT formability.
Basically, the ideally randomized texture of Mg is expected to activate basal 
slip in all the possible directions, which indicates that significantly enhanced 
stretch formability at RT can be achieved only by activating the basal slip.
Due to their low CRSS values, basal slip and {101 2} tensile twin (TTW) 
play important roles in plastic deformation at RT [15,17,28,32,34], and 
various methods have recently been investigated to create a more favorable 
texture for the activation of basal slip and/or TTW in order to enhance the 
stretch formability at RT. In other words, the development of a texture 
favorable for the crystallographic reorientation by TTW under a biaxial stress 
state would then allow the activation of additional basal slip in various 
directions [13,20,35]. Macroscopic twinning events have accommodated 
significant levels of strain, whereby the twinned areas were reoriented into 
soft orientations amenable to basal slip. In terms of formability, one very 
important characteristic of deformation twinning is that grains unfavorably 
oriented for basal slip can be reoriented into a more favorable position.
Pioneering researches performed almost 60 years ago on Mg single
crystal failed to give a clear explanation of the operating slip and twinning
mechanisms. Studies employing single crystals continue to be a valuable asset
in uncovering the underlying mechanisms of deformation. Based on the
Schmid factor criterion, the orientation condition with a c-axis inclined at 45° 
to the loading direction (LD) under uniaxial tension/compression is known to
be favorable for the basal slip activation [11–14,19,20,31]. Figure 1.6 shows 
the effect of strain path on twinning behavior for Mg single crystal in plane 
strain compression at RT [36–38]. Molodov et al. [36–40] recently conducted 
plane strain compression (PSC) tests on Mg single crystals with various initial 
crystallographic orientations. They reported that Mg single crystal with a 45o
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orientation relationship between LD and c-axis exhibited the enhanced 
ductility at RT that could be enhanced by as much as 100 % without failure, 
which was attributed to anomalous TTW combined with basal slip. Specimens 
with the c-axis aligned at an angle of 45° with respect to the compression
direction were favorably orientated for basal slip and initially were deformed
at a very low levels of flow stress. In addition to operating the deformation 
mode by dislocation slip, anomalous TTW is activated as an auxiliary 
deformation mode to compensate for deformation heterogeneity. That result
suggests that although the initial crystallographic orientation is geometrically 
unfavorable for activating TTW, the anomalous TTW could occur throughout 
a deformed specimen. Therefore, it is expected that an initial texture with a 45°
orientation relationship between LD and c-axis can improve the stretch 
formability at RT.
Formability evaluation methodologies of Mg sheet alloys include the 
Erichsen test, the V-bending test [18,41–44], and the forming limit diagram 
(FLD) [45–50]. The stress states in an Erichsen test differ across an entire 
dome, from the center to the edge as well as through the thickness direction
[16,20]. In other words, the heterogeneous stress states are applied throughout 
the specimen, meaning that a hard orientation along one direction, e.g., in the 
transverse direction, could be soft in another direction, e.g., in the longitudinal 
direction. In the Erichsen test, the deformation behavior of Mg single crystals, 
including twinning, is expected to be much different from that of in-plane 
tension/compression and it is impossible to explain using the existing Schmid 
factor criterion because the stress (or strain) state is very uneven depending on 
the position of the specimen.
Figure 1.7 shows the theoretical study of Erichsen test on Mg poly
crystal at RT. To date, no detailed experiments or theoretical studies have 
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been focused on the deformation behavior of Mg single crystals during an 
Erichsen test. Single crystal study could provide a valuable insight into the 
fundamental mechanisms of the stretch formability that is induced by a strong 
anisotropic nature. On the other hand, the crystal plasticity finite element 
method (CPFEM) was developed to simulate heterogeneous plastic 
deformation of HCP polycrystalline materials [18]. CPFEM is well suited to 
the theoretical modeling of processes that undergo uneven deformation 
throughout single crystal specimens such as those observed during an 
Erichsen test.
Thus, the present work was a combination study of single crystal 
experimentation and plasticity modeling to examine the twinning behavior 
and deformation mechanisms occurring in Mg single crystal during an 
Erichsen test at RT. EBSD technique combined with TTW traces was used to 
examine the twinning behavior throughout a deformed Mg single crystal. 
CPFEM was conducted to simulate the spatial distribution of strain 
components, the relative activities of deformation modes, and the twin 





Figure 1.6 Effect of strain path on twinning behavior for Mg single crystal in 
plane strain compression at RT [36–38].
18
Figure 1.7 Theoretical study of Erichsen test on Mg poly crystal at RT [20].
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Chapter 2. Experimental procedure
2.1 Characterization of Mg single crystal
A pure Mg ingot (> 99.95 wt.% purity) was melted into a graphite mold, 
and the crystal growth progressed at the speed of 2.1 mm/hr under the 
protection of argon gas. A single crystal of pure Mg with a diameter of 58 mm 
was successfully grown via the vertical Bridgman method, as shown in Figure 
2.1. As far as we could ascertain, this could have been the world-largest pure 
Mg single crystal. Figure 2.2 shows the pattern acquisition and indexing of a 
pure Mg single crystal. The crystallographic orientation of the as-grown 
single crystal was determined via Laue back reflection method. A 1 mm-thick 
sheet with the desired crystallographic orientation was cut from the as-grown 
single crystal using electric discharge machining (EDM) and was 
mechanically polished with sand papers up to # 2000. The crystallographic 
orientation of the cut sheet was determined via Laue back reflection to 
confirm the correct orientation for subsequent processes.
Prior to Erichsen test, the initial crystallographic orientation of the 
undeformed Mg single crystal is defined based on the global coordinate 
system (GCS) of X-Y-Z, with the Z-axis parallel to the punching direction 
(PD) during the Erichsen test. The strain components of the deformed 
specimens obtained from the CPFEM results are expressed based on the local 
sample coordinate system (LSCS) of x-y-z.
An Erichsen test was carried out with a punch speed of 5 mm/min at 
RT, as depicted in Figure 2.3. The diameter of the hemispherical punch was 
20
20 mm, and silicone lubricant was used. The Erichsen test was conducted 
until a fracture occurred. The depth in mm of a punch required to obtain a 
fracture is defined generally as the Erichsen index (IE).
EBSD analysis was performed on cross-sections of Y-Z and X-Z to 
systematically investigate the behavior of deformation twins that occurs in the
deformed Mg single crystal during an Erichsen test. The deformed specimens 
were cut carefully using EDM in the X and Y directions to inhibit the 
generation of additional deformation twins at the time of cutting. At a steady 
state, the EDM speed was about 3.5 mm/min. The microtextures of the Y-Z 
and X-Z half-sections were examined via EBSD using a SU70 (FE-SEM, 
HITACHI) fitted with a TSL EBSD camera operated at 15 kV (Figure 2.4).
An automated EBSD scan was obtained in the stage-control mode using TSL 
data acquisition software at a step size of 2.5 μm, and the data with a 
confidence index > 0.1 were used for the texture analysis.
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Figure 2.1 Single crystal growth.
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Figure 2.2 Pattern acquisition and indexing of a pure Mg single crystal.
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Figure 2.3 Erichsen test of a pure Mg single crystal.
24
Figure 2.4 Texture measurement after Erichsen test.
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2.2 Simulation
In this study, the micromechanical behaviors of Mg single crystal were 
simulated using the crystal plasticity finite element method (CPFEM). In this 
section, a brief description of CPFEM is given. For a detailed description, 
readers are referred to previous papers [51–53]. For materials with hexagonal 
crystal symmetry, five independent elastic constants for pure Mg were used in 
the present work:
    = 58	GPa,	    = 25	GPa,	    	 = 20.8	GPa,
					    = 61.2	GPa,	    = 16.6	GPa.
For rate-dependent materials, the shear rates were given explicitly in 
terms of the resolved shear stress on the active slip/twin systems and the 
resistance of the active slip/twin systems to shear. For these simulations, the 
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Self- and latent-hardening are readily accounted for by a suitable 
evolution of the reference   
  values in the constitutive law expressed by Eq. 













where     is a hardening matrix that was introduced to account for 
the interaction between the slip and twin systems, and     	accounts for the 
hardening rate of the slip/twin system, a, due to the slip/twin activity of the 
system, b. Here, it was assumed that the self-hardening term (diagonal term 
26
of	   ) equaled the latent-hardening term (off-diagonal term of	   ) i.e., 
(    = 1). The fitting simulation was performed by varying the CRSS value 
(  ) and the microscopic hardening parameters ( sat , ℎ ,  ). In this study, four 
slip systems and one twin system were considered: basal 〈 〉 slip 
({0001}〈112 0〉); prismatic 〈 〉 slip ({11 00}〈112 0〉); pyramidal 〈 〉 slip 
({11 01}〈112 0〉) and pyramidal 〈  +  〉 slip ({112 2 }〈112 3〉); and, TTW 
({101 2}〈101 1 〉)). Six variants of TTW were considered as follows: TT1—
(101 2)[1 011] , TT2—	(011 2)[01 11] , TT3— (1 102)[11 01] , TT4—
(1 012)[101 1], TT5— (01 12)[011 1], and TT6— (11 02)[1 101].
The relative contribution of deformation modes as a function of true 
strain provided information that was useful in the analysis of plastic 
deformation. The relative activity (R.A. ) of each deformation mode, a, 
among slip/twin systems (  =    +   ), was determined by the summation 
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To consider the effect of deformation twinning on the evolution of 
macroscopic flow curves under in-plane tension and compression, the original 
predominant twin reorientation (PTR) scheme [56] was modified and 
implemented in the CPFEM. This required tracking of both the shear strain, 
   ,  , contributed by each twin system,    , and the associated volume 
fraction    ,  =    ,     ⁄ (    .
   = 0.129 is the characteristic twin shear) 
within each element,  . By summation of all twin systems in each element,
the accumulated twin fraction,	    , in each orientation was determined, as 
follows:
27
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At each incremental step, the fractions accumulated in the individual 
twinning systems of each orientation were compared against a threshold 
fraction,    , defined as follows:
    =      +     .      −− −−− −− −− −−−(6)
After each deformation increment, the twin system with the highest 
accumulated volume fraction was identified. If the total accumulated volume 
fraction was greater than the threshold fraction,    , the orientation was 
allowed to reorient. The threshold fraction,     , increased gradually and 
further reorientation by twinning was inhibited by large deformations. The 
algorithm prevented reorientation by twinning until a threshold value, which 
was mostly determined by     , was attained. The threshold value,     , 
determined the evolution of the twin volume fraction during plastic 
deformation. To consider the effect of microstructure heterogeneities on 
twinning, however, we additionally employed a random constant (R) in the 
twin nucleation (    ) and twin propagation (    ) parameters, as shown in
Table 2.1.
In the present work, the fitting simulation was carried out using the 
hardening parameters and twinning parameters until consistency was reached 
between the two stress-strain curves from the uniaxial loading testing and 
simulation. To predict the deformation behavior of a Mg single crystal, a 
simple 3-D mesh (20 ´ 20 ´ 10 = 4000 elements) was used. More detailed 
fitting methods have been covered in detail in previously published papers
[52,53]. The set of fitted microscopic hardening parameters for a Mg single 
crystal are listed in Table 2.1.
We only considered the PTR scheme to determine the microscopic 
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hardening parameters of the deformation modes in a Mg single crystal. 
However, since the nucleation and growth of twins during the deformation of 
a Mg single crystal is sensitive to the surface conditions, CPFEM based on the 
PTR scheme has limitations in simulating the nucleation and growth of 
accurate twin bands (TBs). In the present study,      was considered as a 
driving force for twinning at the grain level instead of directly simulating the 
nucleation and growth of thin TBs occurring in the deformed matrix during 
the Erichsen test.
Figure 2.5 shows the initial mesh and boundary conditions used in the 
finite element analysis (FEA) for the Erichsen test. Due to the triclinic sample 
symmetry, an entire blank was used to simulate the Erichsen process. The 
Erichsen simulation based on CPFEM was performed using 65,844 elements 
with 3-dimensional 8-node brick elements referred to as C3D8R. The friction 
coefficient between the blank and the tools was prescribed as m = 0.05.
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Table 2.1 Microscopic hardening parameters used in the CPFEM simulation.





Basal 〈 〉 1 40 5 1.1
4
Pyramidal 〈 〉 52 175 200 0.8
Prismatic 〈 〉 52 175 200 0.8
Pyramidal 〈  +  〉 55 183 300 0.8
Tensile twin 2 25 10 1.1
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Figure 2.5 Initial mesh and boundary conditions used in the finite element 
analysis (FEA) for the Erichsen test.
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Chapter 3. Effect of strain path on twinning 
behavior in Mg single crystal during Erichsen test
3.1 Results and discussion (Orientation A)
3.1.1. Erichsen test simulation using CPFEM
In the case of the Erichsen test, the specimen is subjected to a non-
uniform deformation history in the plane and thickness directions of the 
specimen. Furthermore, since the anisotropy of single crystal specimens is so 
strong, the non-uniformity of deformation in a deformed specimen becomes 
much more intense, which necessitates an understanding of the non-
uniformity of deformation using simulation techniques such as CPFEM.
When the PD is parallel to the [777	0	777     	829] direction, the initial 
crystallographic orientation of a Mg single crystal during the Erichsen test has 
the orientation relationship of 45° between PD and c-axis, which can be 
expressed as (ϕ1, Φ, ϕ2) = (90°, 45°, 60°) in Euler space, as described in 
Figure 3.1(a). The results of the Erichsen test at RT in Figure 3.1(b) show that 
plastic anisotropy induced an asymmetrically deformed dome shape with 
respect to the center of both the top and bottom of the deformed specimen. As 
a consequence, fracture occurred near the dome center parallel to the X-axis 
under a punch stroke with an IE of 2.5 mm. Furthermore, in order to 
systematically investigate the twinning behavior and deformation mechanisms 
during the Erichsen test, the deformed specimen was equally divided into 
three distinct regions (LA = LB = LC). The three distinct regions are defined as 
follows. Region A (RA) is the area near the center of the deformed specimen, 
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and is the point at which severe biaxial strain (or stress) occurs during an 
Erichsen test. Region B (RB) is the intermediate area between the center and 
the circumference of the deformed specimen. Region C (RC) is the area of the 
circumference of the deformed specimen, and it the point at which an upper 
die imposes normal pressure during an Erichsen test.
CPFEM simulation can identify the spatial distribution of strain 
components, the relative activities of deformation modes and the      of the 
twin variants developed in the three distinct regions during the Erichsen test. 
Figure 3.2 shows the spatial distribution of the strain components, the relative 
activities of the deformation modes and the      of the twin variants that 
developed on the top-surface of the deformed specimen. The strain 
components generated in the Mg single crystal specimen were asymmetrically 
distributed with respect to the center of the specimen, as shown in Figure
3.2(a). In particular,     exhibited a considerable strain gradient in the X 
direction. It was interesting to note the large difference between maximum 
    (= 0.108) and maximum     (= 0.017) components at the center of the 
deformed Mg single crystal. The deformation behavior in this region deviates 
significantly from equi-biaxial deformation. As shown in Figure 3.2(b), the 
primary deformation mode in the RA and RB is basal 〈 〉 slip, and the 
primary deformation mode in the RC is TTW. It is interesting to note that the 
     of twin variants on the top-surface corresponded mostly to the region of 
negative    . Among the six twin variants, TT2, TT3, TT5 and TT6 were 
mainly activated on the circumferential area of the top-surface (Figure 3.2(b)).
Figure 3.3 shows the spatial distribution of strain components, the 
relative activities of deformation modes, and the      of twin variants that 
had developed on the bottom-surface. The strain components at the bottom-
surface of the deformed Mg single crystal were also asymmetrically 
33
distributed with respect to the center of the specimen, where     and    
had positive and negative values, respectively, as shown in Figure 3.3(a). As 
shown in Figure 3.3(b), the basal 〈 〉 slip acted as the primary deformation 
mode, except for one side from the specimen center parallel to the X-axis, for 
which the primary deformation mode was TTW. The non-basal slip systems 
were weakly activated only at the edge of the specimen in the RC parallel to 
the Y-axis. Figures 3.4 and 3.5 show the CPFEM results for strain 
components, the relative activity of deformation modes, and the      of twin 
variants that developed on the Y-Z and X-Z sections, respectively. It is 
recently reported that, due to the orthotropic texture, the stress state through 
the thickness direction in polycrystalline Mg is also inhomogeneous during 
the Erichsen test at RT [20]. The spatial distributions of     and     in the 
RA indicates that biaxial tensile strain is applied along both x and y directions 
in the upper portion, while tensile and compressive strains are applied in the x 
and y directions in the lower portion. The spatial distribution of     that 
developed on the Y-Z section (Figure 3.4(a)) indicated that tensile strain was 
applied to the upper portion of RA and to the lower portion of RC, while 
compressive strain was applied to the lower portion of RA and to the upper 
portion of RC. On the other hand, the spatial distribution of     that 
developed on the X-Z section (Figure 3.5(a)) indicates that tensile strain was 
applied to the upper portion of RA while compressive strain was applied to 
the lower portions of both RA and RB. It is noteworthy that the     that had 
developed on the X-Z section was almost zero through the thickness direction
at the dome edge of RC, meaning that this geometrically approximated plain-
strain conditions. On the other hand, considering the strain components 
observed with the Y-Z section at the dome edge of the RC, the deformation 
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behavior of this region seemed similar to that obtained in the V-bending test 
[18]. In other words, the outer and inner portions of RC are considered as 
tension and compression zones, respectively. Interestingly, the RB in the Y-Z 
section did not effectively contribute to the deformation, which indicated that 
it was difficult to deform the specimen in the y direction during the Erichsen 
test, and the V-bending effect that occurred in the RC enabled the dome to 
deform. Figures 3.4(b) and 3.5(b) show the      of the TTW variants in the 
Y-Z and X-Z sections, respectively. In the RA, regardless of section, the 
values for      of the TT1 and TT4 in the upper portion were relatively 
higher than those in the lower portion, while the values for      of the TT2, 
TT3, TT5 and TT6 in the lower portion were relatively higher than those in 
the upper portion. This behavior can be attributed to tensile deformation in the 
y direction in this portion during the Erichsen test. Based on the experimental 
results, this will be discussed in more detail in Section 3.2.2. In the RB, the 
     of all twin variants was negligible in the Y-Z section, and the      of
the TT3 and TT5 at the bottom of the specimen in the X-Z section was 
relatively higher than that of the other twin variants. This behavior seemed 
due to the tensile strain in the x direction and to the compressive strain in the 
y direction in the lower portion of the X-Z section. In RC, the      at the 
upper portion of the specimen in the Y-Z section was relatively higher than 
that at the lower portion because the strain was small in the x direction but 
compressive strain was acting in the y direction in this portion. On the other 
hand, the value for      was low at the center of the specimen in the X-Z 
section despite a high relative activity of twin, which can be attributed to a 
relatively low level of deformation in RC during the Erichsen test compared 
with that in both RA and RB.
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Figure 3.1 (a) Initial crystallographic orientation and (b) Erichsen test results 
of orientation A (IE = 2.5 mm).
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Figure 3.2 CPFEM results for the top-surface of orientation A (IE = 2.5 mm) 
after the Erichsen simulation: spatial distribution of (a) strain components, (b) 
relative activities of deformation modes, and (c) accumulated volume fraction 
of TTW variants.
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Figure 3.3 CPFEM results for the bottom-surface of orientation A (IE = 2.5 
mm) after the Erichsen simulation: spatial distribution of (a) strain 
components, (b) relative activities of deformation modes, and (b) accumulated 
volume fraction of TTW variants.
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Figure 3.4 CPFEM results for the Y-Z section of orientation A (IE = 2.5 mm)
after the Erichsen simulation: spatial distribution of (a) strain components, 
relative activities of deformation modes, and (b) accumulated volume fraction 
of TTW variants.
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Figure 3.5 CPFEM results for the X-Z section of orientation A (IE = 2.5 mm)
after the Erichsen simulation: spatial distribution of (a) strain components, 
relative activities of deformation modes and (b) accumulated volume fraction 
of TTW variants.
40
3.1.2. Characterization of TBs using EBSD analysis
Figure 3.6(a) is a schematic representation of the Y-Z and X-Z sections 
after the Erichsen test. Analysis of the microtexture evolutions in RB was 
divided into two portions: RB1 adjacent to RA and RB2 adjacent to RC. The
microtexture evolution in RC were also analyzed in two portions: RC1 
adjacent to RB and RC2 adjacent to the dome edge. The PD(//Z)-inverse pole 
figure (PD-IPF) maps of the two cross-sections appear in Figure 3.6(b), and 
corresponds to the right-half of the schematic representation in Figure 3.6(a).
The crystal orientation of the deformed specimen was corrected by rotation, 
which was based on the GCS to ease analysis. Microtexture analysis of the 
cross-sections revealed that the heterogeneous evolution of deformation 
twinning was developed in a heterogeneous manner throughout the deformed 
specimen, exhibiting the differences in surface slopes along X and Y 
directions.
Figure 3.7(a) demonstrates the TTW and compression twin (CTW) 
variants that can be activated from the initial crystallographic orientation of 
Mg single crystal during the Erichsen test. In some areas, CTW was 
experimentally observed and thus considered together in the twin orientation 
analysis. Six variants of CTW were additionally considered as follows: 
CT1— (101 1)[101 2 ] , CT2— (1 011)[1 012 ] , CT3— (011 1)[011 2 ] , 
CT4— (01 01)[01 12 ], CT5— (11 01)[11 02 ], and CT6— (1 1 01)[1 102 ]. 
Figure 3.7(b) depicts the geometrical calculation of TTW traces that had 
occurred in the Y-Z and X-Z sections during the Erichsen test. Interestingly, 
TT1 and TT4 were almost parallel to the horizontal and vertical directions, 
whereas TT2, TT3, TT5 and TT6 were analyzed to grow in a state of being 
inclined across the thickness of the specimen. In the Y-Z section, TT2 and 
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TT3 were tilted 65° clockwise (cw) and 65° counterclockwise (ccw), 
respectively, with respect to the y-axis. TT3 and TT5 were inclined by 38° 
ccw and 38° cw, respectively, with respect to the y-axis. In the X-Z section, 
TT1 and TT4 were almost parallel to the z-axis and the x-axis, respectively, 
while TT2/TT3 and TT5/TT6 were inclined by 70° ccw and 20° ccw, 
respectively, with respect to the x-axis.
Microtexture analysis combined with the TTW traces effectively 
explained the twinning behavior occurring in a deformed Mg single crystal 
during the Erichsen test. LSCS was used to describe the spatial morphology 
and variant type of TBs developed in the Y-Z and X-Z sections. Moreover, 
the thickness of the observation area was equally divided into five portions to 
explain the twinning behavior based on LSCS: upper (U), upper-middle (UM), 
middle (M), lower-middle (LM), and lower (L). The color used to draw the 
TTW traces was also applied to the TBs to more easily identify the 
corresponding variants.
Figure 3.8 shows the results of the twin analysis for RA. In the Y-Z 
section, five variants of TTW (TT1, TT2, TT3, TT5 and TT6) occurred 
unevenly through the thickness direction of the deformed specimen with a 
total twin area fraction of 0.039. TT1 was formed along the y-axis in both the 
U and LM portions. TT2 and TT3 were formed in the L portion in an inclining 
state at a specific tilt angle (~ 65°) with respect to the y-axis. TT3 had a very 
small amount of twin area fraction (< 0.001) that was formed in the L portion. 
TT5 was formed in both the L portion and the LM portion, as well as in the U 
portion in an inclining state at a specific tilt angle (~ 38°) with respect to the 
y-axis. In the X-Z section, three variants of TTW (TT1, TT3 and TT4) were 
activated unevenly through the thickness direction of the specimen with a 
total twin area fraction of 0.048. TT1 had the largest amount of twin area 
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fraction formed through the z-axis. TT3 was formed at the L part in an 
inclining state at a specific tilt angle (~ 70°) with respect to x-axis. TT4 was 
formed in the LM portion along the x-axis.
Figure 3.9 shows the results of the twin analysis for RB1. It is found 
that the deformed specimen observed on the Y-Z section is placed in a state 
with a ~ 7° surface slope relative to the Y-axis, whereas the deformed 
specimen on the X-Z section has a surface slope of ~ 21° with respect to the 
X-axis, which represents the largest difference in the surface slopes of the two 
cross-sections among five observation regions. The Y-Z section displayed no 
evidence of twin variants. In the X-Z section, it was analyzed that four 
variants of TTW (TT3, TT4, TT5 and TT6) were activated unevenly in the 
thickness direction of the specimen with a total twin area fraction of 0.049. 
TT3 was formed from in the L and M portions in an inclining state at a 
specific tilt angle (~ 70°) with respect to the x-axis. TT4 was formed in the M 
portion along the x-axis. TT5 was formed in the L and LM portions, as well as 
in the U portion in an inclining state at a specific tilt angle (~ 20°) with 
respect to the x-axis. TT6 was formed in the L portion in an inclining state at 
a specific tilt angle (~ 20°) with respect to the x-axis.
Figure 3.10 shows the results of the twin analysis for RB2. In the Y-Z 
section, three variants of TTW (TT1, TT4 and TT5) occurred unevenly 
through the thickness direction of the specimen with a total twin area fraction 
of 0.020. TT1 and TT4 were formed mainly in the U portion and also were 
scattered throughout the specimen along the y-axis. TT5 had a very small 
fraction of twin area (< 0.001) that was formed in the U portion. In the X-Z 
section, four variants of TTW (TT2, TT3, TT5 and TT6) were activated 
unevenly through the thickness direction of the specimen with a total twin 
area fraction of 0.061. TT2 was formed through the z-axis in an inclining state 
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at a specific tilt angle (~ 70°) with respect to the x-axis. TT3 had a very small 
fraction of twin area (~ 0.001) that was formed in the L portion and 
maintained a specific tilt angle (~ 70°) with respect to the x-axis. TT5 was
formed in a very small region that extended from the L portion to the UM 
portion and maintained a specific tilt angle (~ 20°) with respect to the x-axis. 
TT6 had the largest fraction of twin area that was formed throughout the 
specimen in an inclining state at a specific tilt angle (~ 20°) with respect to the 
x-axis. In X-Z section of RB2, secondary TTW (STT) was also observed 
within the TBs of TT2 and TT5, which were nucleated and grew from the L 
portion. This indicated that the orientation could be changed to favor the 
activation of STT due to the complex stress states that occurred on a grain 
scale during the Erichsen test.
Figure 3.11 shows the results of the twin analysis for RC1. The Y-Z 
section exhibited a surface slope of ~ 10° based on the Y-axis, whereas the X-
Z section has a surface slope that was almost parallel to the X-axis. In the Y-Z 
section, four variants of TTW (TT1, TT3, TT4 and TT5) occurred unevenly 
through the thickness direction of the deformed specimens with a total twin 
area fraction of 0.023. TT1 and TT4 were formed mainly in the U portion and 
were scattered throughout the specimen along the y-axis. TT3 and TT5 were 
formed in a very small region that extended from the U portion to the UM 
portion while maintaining specific tilt angles (~ 65° and ~ 38°) with respect to 
the y-axis. In the X-Z section four variants of TTW (TT2, TT3, TT5 and TT6) 
were activated unevenly through the thickness direction of the deformed 
specimen with a total twin area fraction of 0.049. TT2 and TT3 had a very 
small fraction of twin area (≤ 0.001) that were formed in the U portion in an 
inclining state at a specific tilt angle (~ 70°) with respect to the x-axis. TT5 
was formed in a very small region that extended from the LM portion to the 
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M portion in an inclining state at a specific tilt angle (~ 20°) with respect to 
the x-axis. TT6 had the largest fraction of total twin area that was formed at 
the L, LM, UM and U portions in an inclining state at a specific tilt angle (~ 
20°) with respect to the x-axis. The twin variants most commonly observed in 
the Y-Z and X-Z sections of RC1 included TT3 and TT5.
Figure 3.12 shows the results of twin analysis for RC2. In the Y-Z 
section, it was analyzed that all six variants of TTW occurred unevenly 
through the thickness direction of the specimen with a total twin area fraction 
of 0.075. TT1 and TT4 were formed mainly from the U portion to the M 
portion and were also scattered throughout the deformed specimen along the 
y-axis. TT2 had a very small fraction of twin area (< 0.001) that was formed 
from the UM portion to the M portion in an inclining state at a specific tilt 
angle (~ 65°) with respect to the y-axis. TT3 had the largest fraction of twin 
area that was formed from the U portion to the M portion in an inclining state 
at a specific tilt angle (~ 65°) with respect to the y-axis. TT5 was formed at 
the U portion in an inclining state at a specific tilt angle (~ 38°) with respect 
to the y-axis. TT6 had a very small fraction of twin area (~ 0.001) that was 
formed from the UM portion to the M portion in an inclining state at a 
specific tilt angle (~ 38°) with respect to the y-axis. Furthermore, two double 
twins (DTs), {101 1} − {101 2}, were observed within the TBs of CT5 which 
was nucleated and grew from the L portion to the M portion. The difference in 
the stress state of the L portion was responsible for the activation of CT5 and 
the subsequent DTs under the deformation similar to that of V-bending that is 
induced by an upper die. The development of DTs correlates with immediate 
cracking that causes premature failure in Mg [57]. The spatial distribution of 
the relative activity near DTs reveals that pyramidal 〈  +  〉 slip as well as 
prismatic 〈 〉 slip is mainly observed despite a substantially high CRSS 
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value in the plastic deformation at RT. This result indicates that pyramidal 
〈  +  〉 slip releases the localized stress concentration that occurs at the 
boundaries of DTs, which delays the formation of cracks.
In the X-Z section, four variants of TTW (TT2, TT3, TT5 and TT6) 
were activated unevenly through the thickness direction of the deformed 
specimen with a total twin area fraction of 0.035. TT2 was formed from the U 
portion to the M portion in an inclining state at a specific tilt angle (~ 70°) 
with respect to the x-axis. TT3 was formed in a very small region extending 
from the L portion to the LM portion in an inclining state at a specific tilt 
angle (~ 70°) with respect to the x-axis. TT5 had the largest fraction of twin 
area that was formed from the M portion to the U portion in an inclining state 
at a specific tilt angle (~ 20°) with respect to the x-axis. TT6 had a very small 
fraction of twin area (~ 0.001) that was formed from the LM portion to the M 
portion in an inclining state at a specific tilt angle (~ 20°) with respect to the 
x-axis. The twin variants commonly observed in the Y-Z and X-Z sections of 
RC2 were TT2, TT3, TT5, and TT6.
Figure 3.13 compares the twinning behaviors that occurred in the five 
subdivided regions of the (a) Y-Z and (b) X-Z sections. A majority of the 
TTW variants in the Y-Z section existed in the L and LM portions of RA, and 
in the U and UM portions of RC2. This result seemed due to the opposite 
strain gradient through the thickness direction. In other words, the TTWs were 
concentrated in the regions where the     component was positive and the 
    component was negative. The most important observation here is that 
most TBs were nucleated at the free surface of deformed specimen and tended 
to propagate into the matrix. In order to accommodate the initial external 
strain of the Erichsen test, shear deformation occurred in the basal 〈 〉 slip 
system as well as in the TTW system. Accumulation of shear deformation 
46
tended to create small irregularities in the free surface of deformed specimen. 
As a result, it is believed that the stress concentration occurring at these small 
irregularities during deformation provided the nucleation site for the TBs.
Analysis of the TTW behavior in the X-Z section quantitatively shows 
that the TBs in RA, RB, and RC1 developed mainly in the lower portion of 
the deformed specimen and the TBs in RC2 developed mainly in the upper 
portion of the deformed specimen. This result can be explained by the 
distribution of the strain components, as demonstrated in the Y-Z section. The 
    component in a region where TBs are observed has a positive value that 
is favorable for the nucleation of TBs, while the     component has a very 
low value in the same region of a deformed specimen. The spatial distribution 
of the relative activity of the TTW provided a good explanation for the 
location of the TTW that is observed experimentally in the deformed 
specimen. However, the CPFEM simulation results have limitations in 
accurately describing the behavior of the thin TBs generated within a 
deformed specimen. In particular, the occurrence of TBs in the upper portions 
of RA and RC1 in a deformed specimen cannot be explained by the CPFEM 
results. Figure 3.14 depicts a possibility of twin evolution for TT1 and TT4 in 
the X-Z section of RA. It was unclear whether the nucleation site of the TBs 
of TT1 in the upper portion of RA was near the U portion or the M portion of 
the deformed specimen. Here, due to the bulky size of the single crystal, 
which was more complicated than an ideal single crystal without any pre-
existing defects on a nanoscale, other factors had to be considered. If the U 
portion was closest, it can be thought that TBs were created by the stress 
concentration at the free surface of the deformed specimen, and some of them 
are cut on the Y-Z section and only partially revealed. On the other hand, if 
the M part was closest, it indicated the presence of microstructural 
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heterogeneities such as impurities, voids or inclusions in the deformed 
specimen that induced a concentration of stress that favored the nucleation of 
TBs. Another possibility is the generation of TBs by the concentration of 
stress at the boundary of the TBs of TT4, which were generated parallel to the 
x-axis in the LM portion of the deformed specimen. The nucleation 
mechanism of the TBs of TT4 in the LM of the deformed specimen RA is also 
unclear. Twin nuclei may form in a particular region of a near-perfect crystal 
under the applied stress or when a suitable defect configuration is present [58]. 
The results of atomic unit modeling using the recent molecular dynamics of 
pure Mg have shown that the characteristics of fine pores and the character of 
grain boundaries influence the formation of TBs [59–62]. The nucleation site 
of twins is associated with the stress field of twinning dislocations and the 
grain boundary, as a defect site with high density of dislocation, can induce 
the twin nucleation [63]. In addition, when minute pores are present inside a 
specimen, stress concentration may occur at the boundaries between the pores 
and the base during the Erichsen test, which greatly increases the possibilities 
for the nucleation of the TBs. At this point, no experimental evidence is 
available to explain this phenomenon, and further in-depth research will be 
conducted.
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Figure 3.6 (a) Schematic diagram and (b) the PD(//Z)-inverse pole figure (PD-
IPF) maps in the Y-Z and X-Z sections (corresponding to the right half of the 
schematic diagram) of orientation A (IE = 2.5 mm).
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Figure 3.7 (a) TTW and CTW variants with their corresponding Miller indices 
for the initial crystallographic orientation and (b) geometrical calculation of 
TTW traces occurring in the Y-Z and X-Z sections of orientation A (IE = 2.5 
mm).
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Figure 3.8 Twin analysis of RA in the (a) Y-Z and (b) X-Z sections of 
orientation A (IE = 2.5 mm).
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Figure 3.9 Twin analysis of RB1 in the (a) Y-Z and (b) X-Z sections of 
orientation A (IE = 2.5 mm).
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Figure 3.10 Twin analysis of RB2 in the (a) Y-Z and (b) X-Z sections of 
orientation A (IE = 2.5 mm).
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Figure 3.11 Twin analysis of RC1 in the (a) Y-Z and (b) X-Z sections of 
orientation A (IE = 2.5 mm).
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Figure 3.12 Twin analysis of RC2 in the (a) Y-Z and (b) X-Z sections of 
orientation A (IE = 2.5 mm).
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Figure 3.13 A comparison of the five subdivided regions in the (a) Y-Z and (b) 
X-Z sections of orientation A (IE = 2.5 mm).
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The twinning behavior and deformation mechanisms that occur in a 
deformed Mg single crystal during the Erichsen test at RT were investigated 
via experimental and theoretical approaches.
Microtexture analysis combined with the TTW traces of the cross-
sections of a deformed Mg single crystal revealed heterogeneous twinning 
behavior during an Erichsen test at RT. The thin TBs with different types of 
variants were produced with non-uniform area fraction throughout the 
specimen and showed a tendency to propagate in an inclining state at a 
specific tilt angle depending on the type of twin variants. Most TBs were 
generated on the free surface of the deformed specimen and some TBs were 
generated and propagated inside the deformed specimen.
CPFEM results revealed that the in-plane strain components (    and 
    ) generated in the deformed Mg single crystal specimen were 
asymmetrically distributed with respect to the center of the specimen, and the 
deformation behavior in the center region showed a significant deviation from 
equi-biaxial deformation. A region with a positive     and a negative    
was more favorable to the nucleation of TBs during the Erichsen test at RT.
The spatial distribution of TTW activity obtained from the CPFEM results 
successfully accounted for most of the twinning evolution observed 
experimentally in deformed specimens. However, the CPFEM simulation 
results failed to explain the behavior of some TBs nucleated within the 
deformed specimen.
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Chapter 4. Effect of initial crystallographic 
orientation on room temperature stretch 
formability in Mg single crystal
4.1 Results and discussion (Orientation B (IE = 6.8 mm))
4.1.1 Erichsen test simulation using CPFEM
In the case of the Erichsen test, the specimen is subjected to a non-
uniform deformation history in the plane and thickness directions of the 
specimen. Furthermore, since the anisotropy of single crystal specimens is so 
strong, the non-uniformity of deformation in a deformed specimen becomes 
much more intense, which necessitates an understanding of the non-
uniformity of deformation using simulation techniques such as CPFEM.
When the PD is parallel to the [1	0	1 	0] direction, the initial crystallographic 
orientation of a Mg single crystal during the Erichsen test has the orientation 
relationship of 90° between PD and c-axis, which can be expressed as (ϕ1, Φ, 
ϕ2) = (-90°, 90°, 60°) in Euler space, as described in Figure 4.1(a). The results 
of the Erichsen test at RT in Figure 4.1(b) show that plastic anisotropy 
induced an asymmetrically deformed dome shape with respect to the center of 
both the top and bottom of the deformed specimen under a punch stroke with 
an IE of 6.8 mm. Furthermore, in order to systematically investigate the 
twinning behavior and deformation mechanisms during the Erichsen test, the 
deformed specimen was equally divided into three distinct regions (LA = LB = 
LC). The three distinct regions are defined as follows. Region A (RA) is the 
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area near the center of the deformed specimen, and is the point at which 
severe biaxial strain (or stress) occurs during an Erichsen test. Region B (RB) 
is the intermediate area between the center and the circumference of the 
deformed specimen. Region C (RC) is the area of the circumference of the 
deformed specimen, and it the point at which an upper die imposes normal 
pressure during an Erichsen test.
CPFEM simulation can identify the spatial distribution of strain 
components, the relative activities of deformation modes and the      of the 
twin variants developed in the three distinct regions during the Erichsen test. 
Figure 4.2 shows the spatial distribution of the strain components, the relative 
activities of the deformation modes and the      of the twin variants that 
developed on the top-surface of the deformed specimen. The strain 
components generated in the Mg single crystal specimen were symmetrically 
distributed with respect to the center of the specimen, as shown in Figure
4.2(a). In particular,     exhibited a considerable strain gradient in the X 
direction. It was interesting to note the large difference between maximum 
    (= 0.239) and maximum     (= 0.055) components at the center of the 
deformed Mg single crystal. The deformation behavior in this region deviates 
significantly from equi-biaxial deformation. As shown in Figure 4.2(b), the 
primary deformation mode in the RA and RB is TTW, and the primary 
deformation mode in the RC is basal 〈 〉 slip. It is interesting to note that the 
     of twin variants on the top-surface corresponded mostly to the region of 
negative    . Among the six twin variants, TT2, TT3, TT5 and TT6 were 
mainly activated on the circumferential area of the top-surface (Figure 4.2(b)).
Figure 4.3 shows the spatial distribution of strain components, the 
relative activities of deformation modes, and the      of twin variants that 
had developed on the bottom-surface. The strain components at the bottom-
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surface of the deformed Mg single crystal were also symmetrically distributed 
with respect to the center of the specimen, where     and     had positive 
and negative values, respectively, as shown in Figure 4.3(a). As shown in 
Figure 4.3(b), the basal 〈 〉 slip acted as the primary deformation mode, 
except for one side from the specimen center parallel to the X-axis, for which 
the primary deformation mode was TTW. The non-basal slip systems were 
weakly activated only at the edge of the specimen in the RC parallel to the Y-
axis. Figures 4.4 and 4.5 show the CPFEM results for strain components, the 
relative activity of deformation modes, and the      of twin variants that 
developed on the Y-Z and X-Z sections, respectively. It is recently reported 
that, due to the orthotropic texture, the stress state through the thickness
direction in polycrystalline Mg is also inhomogeneous during the Erichsen 
test at RT [20]. The spatial distributions of     and     in the RA indicates 
that biaxial tensile strain is applied along both x and y directions in the upper 
portion, while tensile and compressive strains are applied in the x and y 
directions in the lower portion. The spatial distribution of     that developed 
on the Y-Z section (Figure 4.4(a)) indicated that tensile strain was applied to 
the upper portion of RA and to the lower portion of RC, while compressive 
strain was applied to the lower portion of RA and to the upper portion of RC. 
On the other hand, the spatial distribution of     that developed on the X-Z 
section (Figure 4.5(a)) indicates that tensile strain was applied to the upper 
portion of RA while compressive strain was mostly applied to the lower 
portions of both RA and RB. It is noteworthy that the     that had developed 
on the X-Z section was almost zero through the thickness direction at the 
dome edge of RC, meaning that this geometrically approximated plain-strain 
conditions. On the other hand, considering the strain components observed
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with the Y-Z section at the dome edge of the RC, the deformation behavior of 
this region seemed similar to that obtained in the V-bending test [18]. In other 
words, the outer and inner portions of RC are considered as tension and 
compression zones, respectively. Figures 4.4(b) and 4.5(b) show the      of 
the TTW variants in the Y-Z and X-Z sections, respectively. In the RA, 
regardless of section, the values for      of the TT1 and TT4 in the upper 
portion were relatively higher than those in the lower portion, while the values 
for      of the TT2, TT3, TT5 and TT6 in the lower portion were relatively 
higher than those in the upper portion. This behavior can be attributed to 
tensile deformation in the y direction in this portion during the Erichsen test.
Based on the experimental results, this will be discussed in more detail in 
Section 4.1.2. In the RB, the      of the TT2 and TT5 was negligible in the 
Y-Z section, and the      of the TT2, TT3, TT5 and TT6 at the bottom of the 
specimen in the X-Z section was relatively higher than that of the other twin 
variants. This behavior seemed due to the tensile strain in the x direction and 
to the compressive strain in the y direction in the lower portion of the X-Z 
section. In the RC, the      at the upper portion of the specimen in the Y-Z 
section was relatively higher than that at the lower portion because the strain 
was small in the x direction but compressive strain was acting in the y 
direction in this portion. On the other hand, the value for      was low at the 
center of the specimen in the X-Z section despite a high relative activity of 
twin, which can be attributed to a relatively low level of deformation in RC 
during the Erichsen test compared with that in both RA and RB.
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Figure 4.1 (a) Initial crystallographic orientation and (b) Erichsen test results 
of orientation B (IE = 6.8 mm).
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Figure 4.2 CPFEM results for the top-surface of orientation B (IE = 6.8 mm)
after the Erichsen simulation: spatial distribution of (a) strain components, (b) 
relative activities of deformation modes, and (c) accumulated volume fraction 
of TTW variants.
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Figure 4.3 CPFEM results for the bottom-surface of orientation B (IE = 6.8 
mm) after the Erichsen simulation: spatial distribution of (a) strain 
components, (b) relative activities of deformation modes, and (b) accumulated 
volume fraction of TTW variants.
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Figure 4.4 CPFEM results for the Y-Z section of orientation B (IE = 6.8 mm) 
after the Erichsen simulation: spatial distribution of (a) strain components, 
relative activities of deformation modes, and (b) accumulated volume fraction 
of TTW variants.
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Figure 4.5 CPFEM results for the X-Z section of orientation B (IE = 6.8 mm) 
after the Erichsen simulation: spatial distribution of (a) strain components, 
relative activities of deformation modes and (b) accumulated volume fraction 
of TTW variants.
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4.1.2 Characterization of TBs using EBSD analysis
Figure 4.6(a) demonstrates the TTW and compression twin (CTW) 
variants that can be activated from the initial crystallographic orientation of
Mg single crystal during the Erichsen test. In some areas, CTW was 
experimentally observed and thus considered together in the twin orientation 
analysis. Six variants of CTW were additionally considered as follows: 
CT1— (101 1)[101 2 ] , CT2— (1 011)[1 012 ] , CT3— (011 1)[011 2 ] , 
CT4— (01 01)[01 12 ], CT5— (11 01)[11 02 ], and CT6— (1 1 01)[1 102 ]. 
Figure 4.6(b) depicts the geometrical calculation of TTW traces that had 
occurred in the Y-Z and X-Z sections during the Erichsen test. In the Y-Z 
section, TT1 and TT4 were parallel to the horizontal direction, whereas 
TT2/TT3 and TT5/TT6 were tilted 60° clockwise (cw) and 60° 
counterclockwise (ccw) respectively based on the y-axis. In the X-Z section, 
TT1 and TT4 were tilted 47° cw and 47° ccw respectively based on the x-axis. 
Likewise, TT2/TT3 and TT5/TT6 were inclined by 65° cw and 65° ccw 
respectively based on the x-axis.
Figure 4.7(a) is a schematic representation of the Y-Z and X-Z sections 
after the Erichsen test. Analysis of the microtexture evolutions in RB was 
divided into two portions: RB1 adjacent to RA and RB2 adjacent to RC. The
microtexture evolution in RC were also analyzed in two portions: RC1 
adjacent to RB and RC2 adjacent to the dome edge. The PD(//Z)-inverse pole 
figure (PD-IPF) maps of the two cross-sections appear in Figure 4.7(b), and 
corresponds to the right-half of the schematic representation in Figure 4.7(a).
The crystal orientation of the deformed specimen was corrected by rotation, 
which was based on the GCS to ease analysis. Microtexture analysis of the 
cross-sections revealed that the heterogeneous evolution of deformation 
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twinning was developed in a heterogeneous manner throughout the deformed 
specimen, exhibiting the differences in surface slopes along X and Y 
directions.
Microtexture analysis combined with the TTW traces effectively 
explained the twinning behavior occurring in a deformed Mg single crystal 
during the Erichsen test. LSCS was used to describe the spatial morphology 
and variant type of TBs developed in the Y-Z and X-Z sections. Moreover, 
the thickness of the observation area was equally divided into five portions to 
explain the twinning behavior based on LSCS: upper (U), upper-middle (UM), 
middle (M), lower-middle (LM), and lower (L). The color used to draw the 
TTW traces was also applied to the TBs to more easily identify the 
corresponding variants.
Figure 4.8 shows the results of the twin analysis for RA. In the Y-Z 
section, four variants of TTW (TT1, TT3, TT4 and TT5) occurred unevenly 
through the thickness direction of the deformed specimen with a total twin 
area fraction of 0.890. TT1 with the largest fraction of twinned area (0.601) 
was formed throughout the specimen (from the U portion to the L portion) 
along the y-axis. TT3 was formed from the L portion to the UM portion in an 
inclining state at a specific tilt angle (~ 60° cw) with respect to the y-axis. 
TT4 was formed from the UM portion to the L portion along the y-axis. TT5 
was formed from the L portion to the UM portion in an inclining state at a 
specific tilt angle (~ 60° ccw) with respect to the y-axis. In the X-Z section, 
four variants of TTW (TT1, TT2, TT4 and TT6) were activated unevenly 
through the thickness direction of the specimen with a total twin area fraction 
of 0.921. TT1 with the largest fraction of twinned area (0.653) was formed 
throughout the specimen (from the U portion to the L portion) in an inclining 
state at a specific tilt angle (~ 47° cw) with respect to the x-axis. TT2 was 
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formed from the L portion to the M portion in an inclining state at a specific 
tilt angle (~ 65° cw) with respect to the x-axis. TT4 was formed throughout 
the specimen (from the U portion to the L portion), mostly in the M portion, 
in an inclining state at a specific tilt angle (~ 47° ccw) with respect to the x-
axis. TT6 was formed from the L portion to the UM portion in an inclining 
state at a specific tilt angle (~ 65° ccw) with respect to the x-axis. The 
commonly observed twin variants in the Y-Z and X-Z sections of RA were 
TT1 and TT4.
Figure 4.9 shows the results of the twin analysis for RB1. It is found 
that the deformed specimen observed on the Y-Z section is placed in a state 
with a ~ 28° surface slope relative to the Y-axis, whereas the deformed 
specimen on the X-Z section has a surface slope of ~ 25° with respect to the 
X-axis. In the Y-Z section, four variants of TTW (TT1, TT3, TT4 and TT5) 
occurred unevenly through the thickness direction of the deformed specimen 
with a total twin area fraction of 0.368. TT1 was formed from the U portion to 
the LM portion along the y-axis. TT3 with the largest fraction of twinned area 
(0.130) was formed from the L portion to the M portion in an inclining state at 
a specific tilt angle (~ 60° cw) with respect to the y-axis. TT4 was formed 
from the U portion to the M portion along the y-axis. TT5 was formed from 
the L portion to the LM portion in an inclining state at a specific tilt angle (~ 
60° ccw) with respect to the y-axis. In the X-Z section, four variants of TTW 
(TT1, TT2, TT4 and TT6) were activated unevenly through the thickness 
direction of the specimen with a total twin area fraction of 0.867. TT1 was 
formed throughout the specimen (from the U portion to the L portion) in an 
inclining state at a specific tilt angle (~ 47° cw) with respect to the x-axis. 
TT2 with the largest fraction of twinned area (0.482) was formed throughout 
the specimen (from the L portion to the U portion) in an inclining state at a 
70
specific tilt angle (~ 65° cw) with respect to the x-axis. TT4 with a very small 
fraction of twinned area (< 0.001) was formed in both the L and LM portion 
as well as in the UM portion in an inclining state at a specific tilt angle (~ 47° 
ccw) with respect to the x-axis. TT6 was formed throughout the specimen 
(from the L portion to the U portion) in an inclining state at a specific tilt 
angle (~ 65° ccw) with respect to the x-axis. The commonly observed twin 
variants in the Y-Z and X-Z sections of RB1 were TT1 and TT4.
Figure 4.10 shows the results of the twin analysis for RB2. Both the Y-
Z and X-Z sections exhibited a surface slope of ~ 32° based on the Y- and X-
axes respectively. In the Y-Z section, four variants of TTW (TT1, TT3, TT4 
and TT5) occurred unevenly through the thickness direction of the deformed 
specimen with a total twin area fraction of 0.102. TT1 with the largest fraction 
of twinned area (0.058) was formed from the U portion to the LM portion 
along the y-axis. TT3 was formed from the U portion to the M portion as well 
as in the L portion in an inclining state at a specific tilt angle (~ 60° cw) with 
respect to the y-axis. TT4 was formed from the UM portion to the M portion 
along the y-axis. TT5 was formed from the U portion to the UM portion in an 
inclining state at a specific tilt angle (~ 60° ccw) with respect to the y-axis. In 
the X-Z section, all the six variants of TTW were activated unevenly through 
the thickness direction of the specimen with a total twin area fraction of 0.895. 
TT1 was formed throughout the specimen (from the U portion to the L portion) 
in an inclining state at a specific tilt angle (~ 47° cw) with respect to the x-
axis. TT2 and TT5 with the largest fraction of twinned area (0.664) were 
formed throughout the specimen (from the L portion to the U portion) in an 
inclining state at a specific tilt angle (~ 65° cw and ~ 65° ccw respectively) 
with respect to the x-axis. TT3 was formed from the L portion to the M 
portion in an inclining state at a specific tilt angle (~ 65° cw) with respect to 
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the x-axis. TT4 was formed throughout the specimen (from the U portion to 
the L portion) in an inclining state at a specific tilt angle (~ 47° ccw) with 
respect to the x-axis. TT6 was formed from the L portion to the UM portion in 
an inclining state at a specific tilt angle (~ 65° ccw) with respect to the x-axis. 
The commonly observed twin variants in the Y-Z and X-Z sections of RB2 
were TT1, TT3, TT4 and TT5.
Figure 4.11 shows the results of the twin analysis for RC1. Both the Y-
Z and X-Z sections exhibited a surface slope of ~ 29° based on the Y- and X-
axes respectively. In the Y-Z section, three variants of TTW (TT1, TT3 and 
TT5) occurred unevenly through the thickness direction of the deformed 
specimens with a total twin area fraction of 0.059. TT1 was formed from the 
U portion to the UM portion as well as in the L portion along the y-axis. TT3 
with the largest fraction of twinned area (0.048) was formed from the U 
portion to the LM portion in an inclining state at a specific tilt angle (~ 60° cw) 
with respect to the y-axis. TT5 was formed from the U portion to the M 
portion in an inclining state at a specific tilt angle (~ 60° ccw) with respect to 
the y-axis. In the X-Z section, all the six variants of TTW were activated 
unevenly through the thickness direction of the specimen with a total twin 
area fraction of 0.818. TT1 with the largest fraction of twinned area (0.286) 
was formed throughout the specimen (from the U portion to the L portion) in 
an inclining state at a specific tilt angle (~ 47° cw) with respect to the x-axis. 
TT2 was formed from the L portion to the UM portion in an inclining state at 
a specific tilt angle (~ 65° cw) with respect to the x-axis. TT3 was formed 
from the LM portion to the UM portion in an inclining state at a specific tilt 
angle (~ 65° cw) with respect to the x-axis. TT4 was formed throughout the 
specimen (from the U portion to the L portion) in an inclining state at a 
specific tilt angle (~ 47° ccw) with respect to the x-axis. TT5 was formed 
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throughout the specimen (from the L portion to the U portion) in an inclining 
state at a specific tilt angle (~ 65° ccw) with respect to the x-axis. TT6 was 
also formed throughout the specimen (from the L portion to the U portion) in 
an inclining state at a specific tilt angle (~ 65° ccw) with respect to the x-axis. 
The commonly observed twin variants in the Y-Z and X-Z sections of RC1 
were TT1, TT3 and TT5.
Figure 4.12 shows the results of twin analysis for RC2. In the Y-Z 
section, it was analyzed that four variants of TTW (TT1, TT3, TT4 and TT5) 
occurred unevenly through the thickness direction of the specimen with a total 
twin area fraction of 0.194. TT1 with the largest fraction of twinned area 
(0.095) was formed from the L portion to the M portion along the y-axis. TT3 
was formed from the U portion to the M portion in an inclining state at a 
specific tilt angle (~ 60° cw) with respect to the y-axis. TT4 with a very small 
fraction of twinned area (< 0.001) was formed in the M portion along the y-
axis. TT5 was formed from the U portion to the LM portion in an inclining 
state at a specific tilt angle (~ 60° ccw) with respect to the y-axis.
Furthermore, two double twins (DTs), {101 1} − {101 2} , were 
observed within the TBs of CT5 which was nucleated and grew from the L 
portion to the M portion. The difference in the stress state of the L portion was 
responsible for the activation of CT5 and the subsequent DTs under the 
deformation similar to that of V-bending that is induced by an upper die. The 
development of DTs correlates with immediate cracking that causes 
premature failure in Mg [57]. The spatial distribution of the relative activity 
near DTs reveals that pyramidal 〈  +  〉 slip as well as prismatic 〈 〉 slip is 
mainly observed despite a substantially high CRSS value in the plastic 
deformation at RT. This result indicates that pyramidal 〈  +  〉 slip releases 
the localized stress concentration that occurs at the boundaries of DTs, which 
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delays the formation of cracks.
In the X-Z section, three variants of TTW (TT4, TT5 and TT6) were 
activated unevenly through the thickness direction of the specimen with a 
total twin area fraction of 0.825. TT4 with the largest fraction of twinned area 
(0.810) was formed throughout the specimen (from the L portion to the U 
portion) in an inclining state at a specific tilt angle (~ 47° ccw) with respect to 
the x-axis. TT5 was formed throughout the specimen (from the L portion to 
the U portion) in an inclining state at a specific tilt angle (~ 65° ccw) with 
respect to the x-axis. TT6 was also formed throughout the specimen (from the 
L portion to the U portion) in an inclining state at a specific tilt angle (~ 65° 
ccw) with respect to the x-axis. The commonly observed twin variants in the 
Y-Z and X-Z sections of RC2 were TT4 and TT5. It is interesting to note that 
fractures occurred during the Erichsen test due to the geometric shape of the 
test equipment in the X-Z section of RC2 (Figure 4.13).
Figure 4.14 compares the twinning behaviors that occurred in the five 
subdivided regions of the (a) Y-Z and (b) X-Z sections for orientation B (IE = 
6.8 mm). A majority of the TTW variants in the Y-Z section existed
throughout RA, RB1 and RC2. This result seemed due to the opposite strain 
gradient through the thickness direction. In other words, the TTWs were 
concentrated in the regions where the     component was positive and the 
    component was negative. The most important observation here is that 
most TBs were nucleated at the free surface of deformed specimen and tended 
to propagate into the matrix. In order to accommodate the initial external 
strain of the Erichsen test, shear deformation occurred in the basal 〈 〉 slip 
system as well as in the TTW system. Accumulation of shear deformation 
tended to create small irregularities in the free surface of deformed specimen. 
As a result, it is believed that the stress concentration occurring at these small 
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irregularities during deformation provided the nucleation site for the TBs.
Analysis of the TTW behavior in the X-Z section quantitatively shows that the 
TBs in RA, RB, and RC1 developed mainly in the lower portion of the 
deformed specimen and the TBs in RC2 developed mainly in the upper 
portion of the deformed specimen. This result can be explained by the 
distribution of the strain components, as demonstrated in the Y-Z section. The 
    component in a region where TBs are observed has a positive value that 
is favorable for the nucleation of TBs, while the     component has a very 
low value in the same region of a deformed specimen. The spatial distribution 
of the relative activity of the TTW provided a good explanation for the 
location of the TTW that is observed experimentally in the deformed 
specimen.
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Figure 4.6 (a) TTW and CTW variants with their corresponding Miller indices 
for the initial crystallographic orientation and (b) geometrical calculation of 
TTW traces occurring in the Y-Z and X-Z sections of orientation B (IE = 2.0, 
4.0 and 6.8 mm).
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Figure 4.7 The PD(//Z)-inverse pole figure (PD-IPF) maps in the Y-Z and X-
Z sections (corresponding to the right half of the schematic diagram) of
orientation B (IE = 6.8 mm).
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Figure 4.8 Twin analysis of RA in the (a) Y-Z and (b) X-Z sections of 
orientation B (IE = 6.8 mm).
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Figure 4.9 Twin analysis of RB1 in the (a) Y-Z and (b) X-Z sections of 
orientation B (IE = 6.8 mm).
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Figure 4.10 Twin analysis of RB2 in the (a) Y-Z and (b) X-Z sections of 
orientation B (IE = 6.8 mm).
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Figure 4.11 Twin analysis of RC1 in the (a) Y-Z and (b) X-Z sections of 
orientation B (IE = 6.8 mm).
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Figure 4.12 Twin analysis of RC2 in the (a) Y-Z and (b) X-Z sections of 
orientation B (IE = 6.8 mm).
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Figure 4.13 Fractures occurred during the Erichsen test due to the geometric 
shape of the test equipment in the X-Z section of RC2 for orientation B (IE = 
6.8 mm).
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Figure 4.14 A comparison of the five subdivided regions in the (a) Y-Z and 
(b) X-Z sections of orientation B (IE = 6.8 mm).
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4.2 Results and discussion (Orientation B (IE = 4.0 mm))
4.2.1 Erichsen test simulation using CPFEM
In the case of the Erichsen test, the specimen is subjected to a non-
uniform deformation history in the plane and thickness directions of the 
specimen. Furthermore, since the anisotropy of single crystal specimens is so 
strong, the non-uniformity of deformation in a deformed specimen becomes 
much more intense, which necessitates an understanding of the non-
uniformity of deformation using simulation techniques such as CPFEM.
When the PD is parallel to the [1	0	1 	0] direction, the initial crystallographic 
orientation of a Mg single crystal during the Erichsen test has the orientation 
relationship of 90° between PD and c-axis, which can be expressed as (ϕ1, Φ, 
ϕ2) = (-90°, 90°, 60°) in Euler space, as described in Figure 4.15(a). The 
results of the Erichsen test at RT in Figure 4.15(b) show that plastic 
anisotropy induced an asymmetrically deformed dome shape with respect to 
the center of both the top and bottom of the deformed specimen under a punch 
stroke with an IE of 4.0 mm. Furthermore, in order to systematically 
investigate the twinning behavior and deformation mechanisms during the 
Erichsen test, the deformed specimen was equally divided into three distinct 
regions (LA = LB = LC). The three distinct regions are defined as follows. 
Region A (RA) is the area near the center of the deformed specimen, and is 
the point at which severe biaxial strain (or stress) occurs during an Erichsen 
test. Region B (RB) is the intermediate area between the center and the 
circumference of the deformed specimen. Region C (RC) is the area of the 
circumference of the deformed specimen, and it the point at which an upper 
die imposes normal pressure during an Erichsen test.
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CPFEM simulation can identify the spatial distribution of strain 
components, the relative activities of deformation modes and the      of the 
twin variants developed in the three distinct regions during the Erichsen test. 
Figure 4.16 shows the spatial distribution of the strain components, the 
relative activities of the deformation modes and the      of the twin variants 
that developed on the top-surface of the deformed specimen. The strain 
components generated in the Mg single crystal specimen were symmetrically 
distributed with respect to the center of the specimen, as shown in Figure
4.16(a). In particular,     exhibited a considerable strain gradient in the X 
direction. It was interesting to note the large difference between maximum 
    (= 0.122) and maximum     (= 0.033) components at the center of the 
deformed Mg single crystal. The deformation behavior in this region deviates 
significantly from equi-biaxial deformation. As shown in Figure 4.16(b), the 
primary deformation mode in the RA and RB is TTW, and the primary 
deformation mode in the RC is basal 〈 〉 slip. It is interesting to note that the 
     of twin variants on the top-surface corresponded mostly to the region of 
negative    . Among the six twin variants, TT2, TT3, TT5 and TT6 were 
mainly activated on the circumferential area of the top-surface (Figure
4.16(b)).
Figure 4.17 shows the spatial distribution of strain components, the 
relative activities of deformation modes, and the      of twin variants that 
had developed on the bottom-surface. The strain components at the bottom-
surface of the deformed Mg single crystal were also symmetrically distributed 
with respect to the center of the specimen, where     and     had positive 
and negative values, respectively, as shown in Figure 4.17(a). As shown in 
Figure 4.17(b), the basal 〈 〉 slip acted as the primary deformation mode, 
86
except for one side from the specimen center parallel to the X-axis, for which 
the primary deformation mode was TTW. The non-basal slip systems were 
weakly activated only at the edge of the specimen in the RC parallel to the Y-
axis. Figures 4.18 and 4.19 show the CPFEM results for strain components, 
the relative activity of deformation modes, and the      of twin variants that 
developed on the Y-Z and X-Z sections, respectively. It is recently reported 
that, due to the orthotropic texture, the stress state through the thickness
direction in polycrystalline Mg is also inhomogeneous during the Erichsen 
test at RT [20]. The spatial distributions of     and     in the RA indicates 
that biaxial tensile strain is applied along both x and y directions in the upper 
portion, while tensile and compressive strains are applied in the x and y 
directions in the lower portion. The spatial distribution of     that developed
on the Y-Z section (Figure 4.18(a)) indicated that tensile strain was applied to 
the upper portion of RA and to the lower portion of RC, while compressive 
strain was applied to the lower portion of RA and to the upper portion of RC. 
On the other hand, the spatial distribution of     that developed on the X-Z 
section (Figure 4.19(a)) indicates that tensile strain was applied to the upper 
portion of RA while compressive strain was mostly applied to the lower 
portions of both RA and RB. It is noteworthy that the     that had developed 
on the X-Z section was almost zero through the thickness direction at the 
dome edge of RC, meaning that this geometrically approximated plain-strain 
conditions. On the other hand, considering the strain components observed 
with the Y-Z section at the dome edge of the RC, the deformation behavior of 
this region seemed similar to that obtained in the V-bending test [18]. In other 
words, the outer and inner portions of RC are considered as tension and 
compression zones, respectively. Figures 4.18(b) and 4.19(b) show the     
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of the TTW variants in the Y-Z and X-Z sections, respectively. In the RA, 
regardless of section, the values for      of the TT1 and TT4 in the upper 
portion were relatively higher than those in the lower portion, while the values 
for      of the TT2, TT3, TT5 and TT6 in the lower portion were relatively 
higher than those in the upper portion. This behavior can be attributed to 
tensile deformation in the y direction in this portion during the Erichsen test.
Based on the experimental results, this will be discussed in more detail in 
Section 4.2.2. In the RB, the      of the TT2 and TT5 was negligible in the 
Y-Z section, and the      of the TT2, TT3, TT5 and TT6 at the bottom of the 
specimen in the X-Z section was relatively higher than that of the other twin 
variants. This behavior seemed due to the tensile strain in the x direction and 
to the compressive strain in the y direction in the lower portion of the X-Z 
section. In the RC, the      at the upper portion of the specimen in the Y-Z 
section was relatively higher than that at the lower portion because the strain 
was small in the x direction but compressive strain was acting in the y 
direction in this portion. On the other hand, the value for      was low at the 
center of the specimen in the X-Z section despite a high relative activity of 
twin, which can be attributed to a relatively low level of deformation in RC 
during the Erichsen test compared with that in both RA and RB.
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Figure 4.15 (a) Initial crystallographic orientation and (b) Erichsen test results 
of orientation B (IE = 4.0 mm).
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Figure 4.16 CPFEM results for the top-surface of orientation B (IE = 4.0 mm) 
after the Erichsen simulation: spatial distribution of (a) strain components, (b) 
relative activities of deformation modes, and (c) accumulated volume fraction 
of TTW variants.
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Figure 4.17 CPFEM results for the bottom-surface of orientation B (IE = 4.0 
mm) after the Erichsen simulation: spatial distribution of (a) strain 
components, (b) relative activities of deformation modes, and (b) accumulated 
volume fraction of TTW variants.
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Figure 4.18 CPFEM results for the Y-Z section of orientation B (IE = 4.0 mm)
after the Erichsen simulation: spatial distribution of (a) strain components, 
relative activities of deformation modes, and (b) accumulated volume fraction 
of TTW variants.
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Figure 4.19 CPFEM results for the X-Z section of orientation B (IE = 4.0 mm) 
after the Erichsen simulation: spatial distribution of (a) strain components, 
relative activities of deformation modes and (b) accumulated volume fraction 
of TTW variants.
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4.2.2 Characterization of TBs using EBSD analysis
Figure 4.20(a) is a schematic representation of the Y-Z and X-Z 
sections after the Erichsen test. Analysis of the microtexture evolutions in RB 
was divided into two portions: RB1 adjacent to RA and RB2 adjacent to RC. 
The microtexture evolution in RC were also analyzed in two portions: RC1 
adjacent to RB and RC2 adjacent to the dome edge. The PD(//Z)-inverse pole 
figure (PD-IPF) maps of the two cross-sections appear in Figure 4.20(b), and 
corresponds to the right-half of the schematic representation in Figure 4.20(a).
The crystal orientation of the deformed specimen was corrected by rotation, 
which was based on the GCS to ease analysis. Microtexture analysis of the 
cross-sections revealed that the heterogeneous evolution of deformation 
twinning was developed in a heterogeneous manner throughout the deformed 
specimen, exhibiting the differences in surface slopes along X and Y 
directions.
Microtexture analysis combined with the TTW traces effectively 
explained the twinning behavior occurring in a deformed Mg single crystal 
during the Erichsen test. LSCS was used to describe the spatial morphology 
and variant type of TBs developed in the Y-Z and X-Z sections. Moreover, 
the thickness of the observation area was equally divided into five portions to 
explain the twinning behavior based on LSCS: upper (U), upper-middle (UM), 
middle (M), lower-middle (LM), and lower (L). The color used to draw the 
TTW traces was also applied to the TBs to more easily identify the 
corresponding variants.
Figure 4.21 shows the results of the twin analysis for RA. In the Y-Z 
section, four variants of TTW (TT1, TT3, TT4 and TT5) occurred unevenly 
through the thickness direction of the deformed specimen with a total twin 
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area fraction of 0.510. TT1 with the largest fraction of twinned area (0.368) 
was formed throughout the specimen (from the U portion to the L portion) 
along the y-axis. TT3 was formed from the L portion to the M portion in an 
inclining state at a specific tilt angle (~ 60° cw) with respect to the y-axis. 
TT4 was formed throughout the specimen (from the U portion to the L portion) 
along the y-axis. TT5 was formed from the L portion to the M portion in an 
inclining state at a specific tilt angle (~ 60° ccw) with respect to the y-axis. In 
the X-Z section, four variants of TTW (TT1, TT2, TT4 and TT6) were 
activated unevenly through the thickness direction of the specimen with a 
total twin area fraction of 0.514. TT1 with the largest fraction of twinned area 
(0.285) was formed throughout the specimen (from the U portion to the L 
portion) in an inclining state at a specific tilt angle (~ 47° cw) with respect to 
the x-axis. TT2 was formed from the L portion to the M portion in an 
inclining state at a specific tilt angle (~ 65° cw) with respect to the x-axis. 
TT4 was formed throughout the specimen (from the U portion to the L portion) 
in an inclining state at a specific tilt angle (~ 47° ccw) with respect to the x-
axis. TT6 was formed from the L portion to the M portion in an inclining state 
at a specific tilt angle (~ 65° ccw) with respect to the x-axis. The commonly 
observed twin variants in the Y-Z and X-Z sections of RA were TT1 and TT4.
Figure 4.22 shows the results of the twin analysis for RB1. It is found 
that the deformed specimen observed on the Y-Z section is placed in a state 
with a ~ 14° surface slope relative to the Y-axis, whereas the deformed 
specimen on the X-Z section has a surface slope of ~ 20° with respect to the 
X-axis. In the Y-Z section, only TT1 occurred unevenly through the thickness 
direction of the deformed specimen with a twin area fraction of 0.022. TT1 
was formed from the U portion to the LM portion along the y-axis. In the X-Z 
section, five variants of TTW (TT1, TT2, TT4, TT5 and TT6) were activated 
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unevenly through the thickness direction of the specimen with a total twin 
area fraction of 0.528. TT1 was formed throughout the specimen (from the U 
portion to the L portion) in an inclining state at a specific tilt angle (~ 47° cw) 
with respect to the x-axis. TT2 with the largest fraction of twinned area (0.273) 
was formed throughout the specimen (from the L portion to the U portion) in 
an inclining state at a specific tilt angle (~ 65° cw) with respect to the x-axis. 
TT4 was formed from the L portion to the UM portion in an inclining state at 
a specific tilt angle (~ 47° ccw) with respect to the x-axis. TT5 was formed 
from the L portion to the M portion in an inclining state at a specific tilt angle 
(~ 65° ccw) with respect to the x-axis. TT6 was formed throughout the 
specimen (from the L portion to the U portion) in an inclining state at a 
specific tilt angle (~ 65° ccw) with respect to the x-axis. TT1 was the 
commonly observed twin variant in the Y-Z and X-Z sections of RB1.
Figure 4.23 shows the results of the twin analysis for RB2. It is found 
that the deformed specimen observed on the Y-Z section is placed in a state 
with a ~ 16° surface slope relative to the Y-axis, whereas the deformed 
specimen on the X-Z section has a surface slope of ~ 12° with respect to the 
X-axis. In the Y-Z section, two variants of TTW (TT3 and TT5) occurred 
unevenly through the thickness direction of the deformed specimen with a 
total twin area fraction of 0.005. TT3 with the largest fraction of twinned area 
(0.005) was formed from the U portion to the UM portion in an inclining state 
at a specific tilt angle (~ 60° cw) with respect to the y-axis. TT5 with a very 
small fraction of twinned area (< 0.001) was formed in the U portion in an 
inclining state at a specific tilt angle (~ 60° ccw) with respect to the y-axis. In 
the X-Z section, all the six variants of TTW were activated unevenly through 
the thickness direction of the specimen with a total twin area fraction of 0.198. 
TT1 was formed throughout the specimen (from the L portion to the U portion) 
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in an inclining state at a specific tilt angle (~ 47° cw) with respect to the x-
axis. TT2 with the largest fraction of twinned area (0.131) was formed 
throughout the specimen (from the L portion to the U portion) in an inclining 
state at a specific tilt angle (~ 65° cw) with respect to the x-axis. TT3 with a 
very small fraction of twinned area (~ 0.001) was formed in the L portion in 
an inclining state at a specific tilt angle (~ 65° cw) with respect to the x-axis. 
TT4 was formed throughout the specimen (from both the U portion and the L 
portion) in an inclining state at a specific tilt angle (~ 47° ccw) with respect to 
the x-axis. TT5 was formed from the L portion to the M portion in an 
inclining state at a specific tilt angle (~ 65° ccw) with respect to the x-axis. 
TT6 with a very small fraction of twinned area (~ 0.001) was formed in the L 
portion in an inclining state at a specific tilt angle (~ 65° ccw) with respect to 
the x-axis. The commonly observed twin variants in the Y-Z and X-Z sections 
of RB2 were TT3 and TT5.
Figure 4.24 shows the results of the twin analysis for RC1. The Y-Z 
section exhibited a surface slope of ~ 15° based on the Y-axis, whereas the X-
Z section has a surface slope of ~ 3° based on the X-axis. In the Y-Z section, 
only TT3 occurred unevenly through the thickness direction of the deformed 
specimen with a twin area fraction of 0.008. TT3 was formed from the U 
portion to the UM portion in an inclining state at a specific tilt angle (~ 60° 
cw) with respect to the y-axis. In the X-Z section, four variants of TTW (TT1, 
TT2, TT4 and TT6) were activated unevenly through the thickness direction 
of the specimen with a total twin area fraction of 0.271. TT1 with the largest 
fraction of twinned area (0.140) was formed throughout the specimen (from 
both the U portion and the L portion) in an inclining state at a specific tilt 
angle (~ 47° cw) with respect to the x-axis. TT2 with a very small fraction of 
twinned area (~ 0.001) was formed from the L portion to the LM portion in an 
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inclining state at a specific tilt angle (~ 65° cw) with respect to the x-axis. 
TT4 was formed from the L portion to the UM portion in an inclining state at 
a specific tilt angle (~ 47° ccw) with respect to the x-axis. TT6 was formed 
from the L portion to the M portion in an inclining state at a specific tilt angle 
(~ 65° ccw) with respect to the x-axis. No twin variant was commonly 
observed in the Y-Z and X-Z sections of RC1.
Figure 4.25 shows the results of twin analysis for RC2. In the Y-Z 
section, it was analyzed that four variants of TTW (TT1, TT3, TT4 and TT5) 
occurred unevenly through the thickness direction of the specimen with a total 
twin area fraction of 0.062. TT1 was formed from the L portion to the M 
portion along the y-axis. TT3 was formed from the U portion to the M portion 
in an inclining state at a specific tilt angle (~ 60° cw) with respect to the y-
axis. TT4 was formed from the L portion to the LM portion as well as in the U 
portion along the y-axis. TT5 with the largest fraction of twinned area (0.042) 
was formed from the U portion to the M portion in an inclining state at a 
specific tilt angle (~ 60° ccw) with respect to the y-axis.
Furthermore, two double twins (DTs), 	{101 1} − {101 2} , were 
observed within the TBs of CT5 which was nucleated and grew from the L 
portion to the M portion. The difference in the stress state of the L portion was 
responsible for the activation of CT5 and the subsequent DTs under the 
deformation similar to that of V-bending that is induced by an upper die. The 
development of DTs correlates with immediate cracking that causes 
premature failure in Mg [57]. The spatial distribution of the relative activity 
near DTs reveals that pyramidal 〈  +  〉 slip as well as prismatic 〈 〉 slip is 
mainly observed despite a substantially high CRSS value in the plastic 
deformation at RT. This result indicates that pyramidal 〈  +  〉 slip releases 
the localized stress concentration that occurs at the boundaries of DTs, which 
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delays the formation of cracks.
In the X-Z section, four variants of TTW (TT1, TT3, TT4 and TT6) 
were activated unevenly through the thickness direction of the specimen with 
a total twin area fraction of 0.165. TT1 was formed from the L portion to the 
LM portion as well as from the U portion to the UM portion in an inclining 
state at a specific tilt angle (~ 47° cw) with respect to the x-axis. TT3 with a 
very small fraction of twinned area (< 0.001) was formed in the L portion in 
an inclining state at a specific tilt angle (~ 65° cw) with respect to the x-axis. 
TT4 with the largest fraction of twinned area (0.149) was formed throughout 
the specimen (from the L portion to the U portion) in an inclining state at a 
specific tilt angle (~ 47° ccw) with respect to the x-axis. TT6 with a very 
small fraction of twinned area (< 0.001) was formed in the L portion in an 
inclining state at a specific tilt angle (~ 65° ccw) with respect to the x-axis. 
The commonly observed twin variants in the Y-Z and X-Z sections of RC2 
were TT1, TT3 and TT4.
Figure 4.26 compares the twinning behaviors that occurred in the five 
subdivided regions of the (a) Y-Z and (b) X-Z sections for orientation B (IE = 
4.0 mm). A majority of the TTW variants in the Y-Z section existed 
throughout RA, RB1 and RC2. This result seemed due to the opposite strain 
gradient through the thickness direction. In other words, the TTWs were 
concentrated in the regions where the     component was positive and the 
    component was negative. The most important observation here is that 
most TBs were nucleated at the free surface of deformed specimen and tended 
to propagate into the matrix. In order to accommodate the initial external 
strain of the Erichsen test, shear deformation occurred in the basal 〈 〉 slip 
system as well as in the TTW system. Accumulation of shear deformation 
tended to create small irregularities in the free surface of deformed specimen. 
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As a result, it is believed that the stress concentration occurring at these small 
irregularities during deformation provided the nucleation site for the TBs.
Analysis of the TTW behavior in the X-Z section quantitatively shows that the 
TBs in RA, RB, and RC1 developed mainly in the lower portion of the 
deformed specimen and the TBs in RC2 developed mainly in the upper 
portion of the deformed specimen. This result can be explained by the 
distribution of the strain components, as demonstrated in the Y-Z section. The 
    component in a region where TBs are observed has a positive value that 
is favorable for the nucleation of TBs, while the     component has a very 
low value in the same region of a deformed specimen. The spatial distribution 
of the relative activity of the TTW provided a good explanation for the 
location of the TTW that is observed experimentally in the deformed 
specimen.
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Figure 4.20 The PD(//Z)-inverse pole figure (PD-IPF) maps in the Y-Z and X-
Z sections (corresponding to the right half of the schematic diagram) of
orientation B (IE = 4.0 mm).
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Figure 4.21 Twin analysis of RA in the (a) Y-Z and (b) X-Z sections of 
orientation B (IE = 4.0 mm).
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Figure 4.22 Twin analysis of RB1 in the (a) Y-Z and (b) X-Z sections of 
orientation B (IE = 4.0 mm).
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Figure 4.23 Twin analysis of RB2 in the (a) Y-Z and (b) X-Z sections of 
orientation B (IE = 4.0 mm).
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Figure 4.24 Twin analysis of RC1 in the (a) Y-Z and (b) X-Z sections of 
orientation B (IE = 4.0 mm).
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Figure 4.25 Twin analysis of RC2 in the (a) Y-Z and (b) X-Z sections of 
orientation B (IE = 4.0 mm).
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Figure 4.26 A comparison of the five subdivided regions in the (a) Y-Z and (b) 
X-Z sections of orientation B (IE = 4.0 mm).
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4.3 Results and discussion (Orientation B (IE = 2.0 mm))
4.3.1 Erichsen test simulation using CPFEM
In the case of the Erichsen test, the specimen is subjected to a non-
uniform deformation history in the plane and thickness directions of the 
specimen. Furthermore, since the anisotropy of single crystal specimens is so 
strong, the non-uniformity of deformation in a deformed specimen becomes 
much more intense, which necessitates an understanding of the non-
uniformity of deformation using simulation techniques such as CPFEM.
When the PD is parallel to the [1	0	1 	0] direction, the initial crystallographic 
orientation of a Mg single crystal during the Erichsen test has the orientation 
relationship of 90° between PD and c-axis, which can be expressed as (ϕ1, Φ, 
ϕ2) = (-90°, 90°, 60°) in Euler space, as described in Figure 4.27(a). The 
results of the Erichsen test at RT in Figure 4.27(b) show that plastic 
anisotropy induced an asymmetrically deformed dome shape with respect to 
the center of both the top and bottom of the deformed specimen under a punch 
stroke with an IE of 2.0 mm. Furthermore, in order to systematically 
investigate the twinning behavior and deformation mechanisms during the 
Erichsen test, the deformed specimen was equally divided into three distinct 
regions (LA = LB = LC). The three distinct regions are defined as follows. 
Region A (RA) is the area near the center of the deformed specimen, and is 
the point at which severe biaxial strain (or stress) occurs during an Erichsen 
test. Region B (RB) is the intermediate area between the center and the 
circumference of the deformed specimen. Region C (RC) is the area of the 
circumference of the deformed specimen, and it the point at which an upper 
die imposes normal pressure during an Erichsen test.
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CPFEM simulation can identify the spatial distribution of strain 
components, the relative activities of deformation modes and the      of the 
twin variants developed in the three distinct regions during the Erichsen test. 
Figure 4.28 shows the spatial distribution of the strain components, the 
relative activities of the deformation modes and the      of the twin variants 
that developed on the top-surface of the deformed specimen. The strain 
components generated in the Mg single crystal specimen were symmetrically 
distributed with respect to the center of the specimen, as shown in Figure
4.28(a). In particular,     exhibited a considerable strain gradient in the X 
direction. It was interesting to note the large difference between maximum 
    (= 0.070) and maximum     (= 0.026) components at the center of the 
deformed Mg single crystal. The deformation behavior in this region deviates 
significantly from equi-biaxial deformation. As shown in Figure 4.28(b), the 
primary deformation mode in the RA and RB is TTW, and the primary 
deformation mode in the RC is basal 〈 〉 slip. It is interesting to note that the 
     of twin variants on the top-surface corresponded mostly to the region of 
negative    . Among the six twin variants, TT2, TT3, TT5 and TT6 were 
mainly activated on the circumferential area of the top-surface (Figure
4.28(b)).
Figure 4.29 shows the spatial distribution of strain components, the 
relative activities of deformation modes, and the      of twin variants that 
had developed on the bottom-surface. The strain components at the bottom-
surface of the deformed Mg single crystal were also symmetrically distributed 
with respect to the center of the specimen, where     and     had positive 
and negative values, respectively, as shown in Figure 4.29(a). As shown in 
Figure 4.29(b), the basal 〈 〉 slip acted as the primary deformation mode, 
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except for one side from the specimen center parallel to the X-axis, for which 
the primary deformation mode was TTW. The non-basal slip systems were 
weakly activated only at the edge of the specimen in the RC parallel to the Y-
axis. Figures 4.30 and 4.31 show the CPFEM results for strain components, 
the relative activity of deformation modes, and the      of twin variants that 
developed on the Y-Z and X-Z sections, respectively. It is recently reported 
that, due to the orthotropic texture, the stress state through the thickness
direction in polycrystalline Mg is also inhomogeneous during the Erichsen 
test at RT [20]. The spatial distributions of     and     in the RA indicates 
that biaxial tensile strain is applied along both x and y directions in the upper 
portion, while tensile and compressive strains are applied in the x and y 
directions in the lower portion. The spatial distribution of     that developed 
on the Y-Z section (Figure 4.30(a)) indicated that tensile strain was applied to 
the upper portion of RA and to the lower portion of RC, while compressive 
strain was applied to the lower portion of RA and to the upper portion of RC. 
On the other hand, the spatial distribution of     that developed on the X-Z 
section (Figure 4.31(a)) indicates that tensile strain was applied to the upper 
portion of RA while compressive strain was mostly applied to the lower 
portion of RA. It is noteworthy that the     that had developed on the X-Z
section was almost zero through the thickness direction at the dome edge of 
RC, meaning that this geometrically approximated plain-strain conditions. On 
the other hand, considering the strain components observed with the Y-Z 
section at the dome edge of the RC, the deformation behavior of this region 
seemed similar to that obtained in the V-bending test [18]. In other words, the 
outer and inner portions of RC are considered as tension and compression
zones, respectively. Figures 4.30(b) and 4.31(b) show the      of the TTW 
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variants in the Y-Z and X-Z sections, respectively. In the RA, regardless of 
section, the values for      of the TT1 and TT4 in the upper portion were 
relatively higher than those in the lower portion, while the values for      of 
the TT2, TT3, TT5 and TT6 in the lower portion were relatively higher than 
those in the upper portion. This behavior can be attributed to tensile 
deformation in the y direction in this portion during the Erichsen test. Based 
on the experimental results, this will be discussed in more detail in Section 
4.3.2. In the RB, the      of the TT2 and TT5 was negligible in the Y-Z 
section, and the      of the TT2 and TT6 at the bottom of the specimen in 
the X-Z section was relatively higher than that of the other twin variants. This 
behavior seemed due to the tensile strain in the x direction and to the 
compressive strain in the y direction in the lower portion of the X-Z section. 
In the RC, the      at the upper portion of the specimen in the Y-Z section 
was relatively higher than that at the lower portion because the strain was 
small in the x direction but compressive strain was acting in the y direction in 
this portion. On the other hand, the value for      was low at the center of 
the specimen in the X-Z section despite a high relative activity of twin, which 
can be attributed to a relatively low level of deformation in RC during the 
Erichsen test compared with that in both RA and RB.
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Figure 4.27 (a) Initial crystallographic orientation and (b) Erichsen test results 
of orientation B (IE = 2.0 mm).
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Figure 4.28 CPFEM results for the top-surface of orientation B (IE = 2.0 mm) 
after the Erichsen simulation: spatial distribution of (a) strain components, (b) 
relative activities of deformation modes, and (c) accumulated volume fraction 
of TTW variants.
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Figure 4.29 CPFEM results for the bottom-surface of orientation B (IE = 2.0 
mm) after the Erichsen simulation: spatial distribution of (a) strain 
components, (b) relative activities of deformation modes, and (b) accumulated 
volume fraction of TTW variants.
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Figure 4.30 CPFEM results for the Y-Z section of orientation B (IE = 2.0 mm) 
after the Erichsen simulation: spatial distribution of (a) strain components, 
relative activities of deformation modes, and (b) accumulated volume fraction 
of TTW variants.
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Figure 4.31 CPFEM results for the X-Z section of orientation B (IE = 2.0 mm) 
after the Erichsen simulation: spatial distribution of (a) strain components, 
relative activities of deformation modes and (b) accumulated volume fraction 
of TTW variants.
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4.3.2 Characterization of TBs using EBSD analysis
Figure 4.32(a) is a schematic representation of the Y-Z and X-Z 
sections after the Erichsen test. Analysis of the microtexture evolutions in RB 
was divided into two portions: RB1 adjacent to RA and RB2 adjacent to RC. 
The microtexture evolution in RC were also analyzed in two portions: RC1 
adjacent to RB and RC2 adjacent to the dome edge. The PD(//Z)-inverse pole 
figure (PD-IPF) maps of the two cross-sections appear in Figure 4.32(b), and 
corresponds to the right-half of the schematic representation in Figure 4.32(a).
The crystal orientation of the deformed specimen was corrected by rotation, 
which was based on the GCS to ease analysis. Microtexture analysis of the 
cross-sections revealed that the heterogeneous evolution of deformation 
twinning was developed in a heterogeneous manner throughout the deformed 
specimen, exhibiting the differences in surface slopes along X and Y 
directions.
Microtexture analysis combined with the TTW traces effectively 
explained the twinning behavior occurring in a deformed Mg single crystal 
during the Erichsen test. LSCS was used to describe the spatial morphology 
and variant type of TBs developed in the Y-Z and X-Z sections. Moreover, 
the thickness of the observation area was equally divided into five portions to 
explain the twinning behavior based on LSCS: upper (U), upper-middle (UM), 
middle (M), lower-middle (LM), and lower (L). The color used to draw the 
TTW traces was also applied to the TBs to more easily identify the 
corresponding variants.
Figure 4.33 shows the results of the twin analysis for RA. In the Y-Z 
section, four variants of TTW (TT1, TT3, TT4 and TT5) occurred unevenly 
through the thickness direction of the deformed specimen with a total twin 
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area fraction of 0.105. TT1 with the largest fraction of twinned area (0.070) 
was formed from the U portion to the UM portion as well as in the LM 
portion along the y-axis. TT3 was formed from the L portion to the LM 
portion in an inclining state at a specific tilt angle (~ 60° cw) with respect to 
the y-axis. TT4 was formed from the U portion to the LM portion along the y-
axis. TT5 with a very small fraction of twinned area (~ 0.001) was formed 
from the LM portion to the M portion in an inclining state at a specific tilt 
angle (~ 60° ccw) with respect to the y-axis. In the X-Z section, all the six 
variants of TTW were activated unevenly through the thickness direction of 
the specimen with a total twin area fraction of 0.134. TT1 with the largest 
fraction of twinned area (0.097) was formed throughout the specimen (from 
the U portion to the L portion) in an inclining state at a specific tilt angle (~ 
47° cw) with respect to the x-axis. TT2 with a very small fraction of twinned 
area (~ 0.001) was formed in the L portion in an inclining state at a specific 
tilt angle (~ 65° cw) with respect to the x-axis. TT3 was formed from the L 
portion to the LM portion in an inclining state at a specific tilt angle (~ 65° cw) 
with respect to the x-axis. TT4 was formed throughout the specimen (from the 
L portion to the U portion) in an inclining state at a specific tilt angle (~ 47° 
ccw) with respect to the x-axis. TT5 was formed from the L portion to the LM 
portion in an inclining state at a specific tilt angle (~ 65° ccw) with respect to 
the x-axis. TT6 was formed from the L portion to the M portion in an 
inclining state at a specific tilt angle (~ 65° ccw) with respect to the x-axis. 
The commonly observed twin variants in the Y-Z and X-Z sections of RA 
were TT1, TT3, TT4 and TT5.
Figure 4.34 shows the results of the twin analysis for RB1. It is found 
that the deformed specimen observed on the Y-Z section is placed in a state 
with a ~ 7° surface slope relative to the Y-axis, whereas the deformed 
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specimen on the X-Z section has a surface slope of ~ 10° with respect to the 
X-axis. The Y-Z section displayed no evidence of twin variants. In the X-Z 
section, five variants of TTW (TT1, TT2, TT4, TT5 and TT6) were activated 
unevenly through the thickness direction of the specimen with a total twin 
area fraction of 0.045. TT1 was formed from the U portion to the UM portion 
as well as in the L portion in an inclining state at a specific tilt angle (~ 47° 
cw) with respect to the x-axis. TT2 was formed from the L portion to the M 
portion in an inclining state at a specific tilt angle (~ 65° cw) with respect to 
the x-axis. TT4 was formed from the L portion to the LM portion in an 
inclining state at a specific tilt angle (~ 47° ccw) with respect to the x-axis. 
TT5 with the largest fraction of twinned area (0.029) was formed from the L 
portion to the UM portion in an inclining state at a specific tilt angle (~ 65° 
ccw) with respect to the x-axis. TT6 with a very small fraction of twinned 
area (< 0.001) was formed from the L portion to the M portion in an inclining 
state at a specific tilt angle (~ 65° ccw) with respect to the x-axis.
Figure 4.35 shows the results of the twin analysis for RB2. The Y-Z 
section exhibited a surface slope of ~ 4° based on the Y-axis, whereas the X-Z 
section has a surface slope that was almost parallel to the X-axis. In the Y-Z 
section, only TT3 occurred unevenly through the thickness direction of the 
deformed specimen with a twin area fraction of 0.002. TT3 was formed from 
the U portion to the UM portion in an inclining state at a specific tilt angle (~ 
60° cw) with respect to the y-axis. In the X-Z section, three variants of TTW 
(TT2, TT4 and TT5) were activated unevenly through the thickness direction 
of the specimen with a total twin area fraction of 0.034. TT2 was formed from 
the L portion to the M portion in an inclining state at a specific tilt angle (~ 65° 
cw) with respect to the x-axis. TT4 with the largest fraction of twinned area 
(0.017) was formed from the L portion to the M portion in an inclining state at 
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a specific tilt angle (~ 47° ccw) with respect to the x-axis. TT5 was formed 
throughout the specimen (from the L portion to the U portion) in an inclining 
state at a specific tilt angle (~ 65° ccw) with respect to the x-axis. No twin 
variant was commonly observed in the Y-Z and X-Z sections of RB2.
Figure 4.36 shows the results of the twin analysis for RC1. In the Y-Z 
section, only TT3 occurred unevenly through the thickness direction of the 
deformed specimen with a twin area fraction of 0.002. TT3 was formed from 
the U portion to the UM portion in an inclining state at a specific tilt angle (~ 
60° cw) with respect to the y-axis. In the X-Z section, only TT4 occurred 
unevenly through the thickness direction of the deformed specimen with a 
twin area fraction of 0.034. TT4 was formed from the L portion to the M 
portion in an inclining state at a specific tilt angle (~ 47° ccw) with respect to 
the x-axis. No twin variant was commonly observed in the Y-Z and X-Z 
sections of RC1.
Figure 4.37 shows the results of twin analysis for RC2. In the Y-Z 
section, it was analyzed that two variants of TTW (TT3 and TT5) occurred 
unevenly through the thickness direction of the specimen with a total twin 
area fraction of 0.007. TT3 with a very small fraction of twinned area (~
0.001) was formed from the U portion to the UM portion in an inclining state 
at a specific tilt angle (~ 60° cw) with respect to the y-axis. TT5 with the 
largest fraction of twinned area (0.006) was formed from the U portion to the 
M portion in an inclining state at a specific tilt angle (~ 60° ccw) with respect 
to the y-axis. The X-Z section displayed no evidence of twin variants.
Figure 4.38 compares the twinning behaviors that occurred in the five 
subdivided regions of the (a) Y-Z and (b) X-Z sections for orientation B (IE = 
2.0 mm). A majority of the TTW variants in the Y-Z section existed 
throughout RA, RB1 and RC2. This result seemed due to the opposite strain 
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gradient through the thickness direction. In other words, the TTWs were 
concentrated in the regions where the     component was positive and the 
    component was negative. The most important observation here is that 
most TBs were nucleated at the free surface of deformed specimen and tended
to propagate into the matrix. In order to accommodate the initial external 
strain of the Erichsen test, shear deformation occurred in the basal 〈 〉 slip 
system as well as in the TTW system. Accumulation of shear deformation 
tended to create small irregularities in the free surface of deformed specimen. 
As a result, it is believed that the stress concentration occurring at these small 
irregularities during deformation provided the nucleation site for the TBs.
Analysis of the TTW behavior in the X-Z section quantitatively shows that the 
TBs in RA, RB, and RC1 developed mainly in the lower portion of the 
deformed specimen and the TBs in RC2 developed mainly in the upper 
portion of the deformed specimen. This result can be explained by the 
distribution of the strain components, as demonstrated in the Y-Z section. The 
    component in a region where TBs are observed has a positive value that 
is favorable for the nucleation of TBs, while the     component has a very 
low value in the same region of a deformed specimen. The spatial distribution 
of the relative activity of the TTW provided a good explanation for the 
location of the TTW that is observed experimentally in the deformed 
specimen.
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Figure 4.32 The PD(//Z)-inverse pole figure (PD-IPF) maps in the Y-Z and X-
Z sections (corresponding to the right half of the schematic diagram) of
orientation B (IE = 2.0 mm).
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Figure 4.33 Twin analysis of RA in the (a) Y-Z and (b) X-Z sections of 
orientation B (IE = 2.0 mm).
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Figure 4.34 Twin analysis of RB1 in the (a) Y-Z and (b) X-Z sections of 
orientation B (IE = 2.0 mm).
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Figure 4.35 Twin analysis of RB2 in the (a) Y-Z and (b) X-Z sections of 
orientation B (IE = 2.0 mm).
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Figure 4.36 Twin analysis of RC1 in the (a) Y-Z and (b) X-Z sections of 
orientation B (IE = 2.0 mm).
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Figure 4.37 Twin analysis of RC2 in the (a) Y-Z and (b) X-Z sections of 
orientation B (IE = 2.0 mm).
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Figure 4.38 A comparison of the five subdivided regions in the (a) Y-Z and (b) 
X-Z sections of orientation B (IE = 2.0 mm).
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Figure 4.39 shows the values for basal slip activation as a function of 
the five subdivided regions in the Y-Z and X-Z sections of orientation B. The 
results indicate that the values for basal slip activation systematically 
increases with increasing the punch stroke. Interestingly, the values in the five 
distinct regions of the X-Z section are relatively higher than those of the Y-Z 
section. This phenomenon can be supported the relative activities of 
deformation modes for the bottom-surface of orientation B (Figure 4.40). As 
the punch stroke increases, it becomes more favorable for tensile twinning to 
be activated especially along the X direction. Therefore, the newly formed 
orientation with the c-axis tilted toward Y direction makes the basal slip be 
activated along the corresponding direction. Figure 4.41 depicts the 
mechanism for improving RT stretch formability of orientation B. It clearly 
explains that the major role of TT2, TT3, TT5 and TT6 is to assist in making 
favorable orientation for additional basal slip activation by crystallographic 
reorientation and consequently basal slip occurs along the reoriented 
directions. As a result, the IE of 6.8 mm at RT was successfully achieved only 
controlling crystallographic reorientation without adding alloying element.
Figure 4.42 experimentally show the texture evolution of the PD(//Z)-
inverse pole figure (PD-IPF) maps in the X-Z section of orientation B. It was 
found that the color of tensile twins nucleated from the bottom surface
systematically changed from light green (IE = 2.0 mm) to light yellow (IE = 
6.8 mm) as the punch stroke increased. The results imply the crystal rotation 
after basal slip, which means that a considerable amount of basal slip was 
activated during the Erichsen test. Figure 4.43(a) systematically shows the 
texture evolution in the X-Z section of orientation B. It was also found that 
the color of tensile twins nucleated from the bottom surface systematically 
changed from orange (IE = 2.0 mm) to light orange (IE = 6.8 mm) as the 
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punch stroke increased. In addition, # 5 of 2.0 mm, # 7 of 4.0 mm and # 9 of 
6.8 mm among 10 respective inverse pole figure maps have the initial points 
of twinned poles tilted from 28° ~ 37° from [1 21 0] (Figure 4.43(b)). These 
twinned poles correspond to the orange (or light orange)-colored tensile twins
(Figure 4.43(a)) which are nucleated from the bottom surface and enable the 
specimen to be deformed by making favorable orientation for additional basal 
slip activation by crystallographic reorientation.
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Figure 4.39 Values for basal slip activation as a function of the five 
subdivided regions in the (a) Y-Z and (b) X-Z sections of orientation B (IE = 
2.0, 4.0 and 6.8 mm).
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Figure 4.40 A comparison of the relative activities of deformation modes for 
the bottom-surface of orientation B: spatial distribution of (a) IE = 2.0 mm, (b)
IE = 4.0 mm and (c) IE = 6.8 mm.
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Figure 4.41 A mechanism for improving RT stretch formability of orientation 
B (IE = 2.0, 4.0 and 6.8 mm).
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Figure 4.42 Texture evolution of the PD(//Z)-inverse pole figure (PD-IPF)




Figure 4.43 Texture evolution ((a) inverse pole figure maps and (b) their pole 
figures) in the X-Z section of orientation B (IE = 2.0, 4.0 and 6.8 mm).
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4.4 Results and discussion (Orientation C)
4.4.1 Erichsen test simulation using CPFEM
In the case of the Erichsen test, the specimen is subjected to a non-
uniform deformation history in the plane and thickness directions of the 
specimen. Furthermore, since the anisotropy of single crystal specimens is so 
strong, the non-uniformity of deformation in a deformed specimen becomes 
much more intense, which necessitates an understanding of the non-
uniformity of deformation using simulation techniques such as CPFEM.
When the PD is parallel to the [1	2 	1	0] direction, the initial crystallographic 
orientation of a Mg single crystal during the Erichsen test has the orientation 
relationship of 90° between PD and c-axis, which can be expressed as (ϕ1, Φ, 
ϕ2) = (-90°, 90°, 90°) in Euler space, as described in Figure 4.44(a). The 
results of the Erichsen test at RT in Figure 4.44(b) show that plastic 
anisotropy induced an asymmetrically deformed dome shape with respect to 
the center of both the top and bottom of the deformed specimen. As a 
consequence, fracture occurred near the dome center parallel to the X-axis 
under a punch stroke with an IE of 2.0 mm. Furthermore, in order to 
systematically investigate the twinning behavior and deformation mechanisms 
during the Erichsen test, the deformed specimen was equally divided into 
three distinct regions (LA = LB = LC). The three distinct regions are defined as 
follows. Region A (RA) is the area near the center of the deformed specimen, 
and is the point at which severe biaxial strain (or stress) occurs during an 
Erichsen test. Region B (RB) is the intermediate area between the center and 
the circumference of the deformed specimen. Region C (RC) is the area of the 
circumference of the deformed specimen, and it the point at which an upper 
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die imposes normal pressure during an Erichsen test.
CPFEM simulation can identify the spatial distribution of strain 
components, the relative activities of deformation modes and the      of the 
twin variants developed in the three distinct regions during the Erichsen test. 
Figure 4.45 shows the spatial distribution of the strain components, the 
relative activities of the deformation modes and the      of the twin variants 
that developed on the top-surface of the deformed specimen. The strain 
components generated in the Mg single crystal specimen were symmetrically 
distributed with respect to the center of the specimen, as shown in Figure
4.45(a). In particular,     exhibited a considerable strain gradient in the X 
direction. It was interesting to note the large difference between maximum 
    (= 0.046) and maximum     (= 0.016) components at the center of the 
deformed Mg single crystal. The deformation behavior in this region deviates 
significantly from equi-biaxial deformation. As shown in Figure 4.45(b), the 
primary deformation mode in the RA and RB is basal 〈 〉 slip, and the 
primary deformation mode in the RC is TTW. It is interesting to note that the 
     of twin variants on the top-surface corresponded mostly to the region of 
negative    . Among the six twin variants, TT1, TT3, TT4 and TT6 were 
mainly activated on the area near the center of the top-surface (Figure 4.45(b)).
Figure 4.46 shows the spatial distribution of strain components, the 
relative activities of deformation modes, and the      of twin variants that 
had developed on the bottom-surface. The strain components at the bottom-
surface of the deformed Mg single crystal were also symmetrically distributed 
with respect to the center of the specimen, where     and     had positive 
and negative values, respectively, as shown in Figure 4.46(a). As shown in 
Figure 4.46(b), the basal 〈 〉 slip acted as the primary deformation mode, 
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except for one side from the specimen center parallel to the X-axis, for which 
the primary deformation mode was TTW. The non-basal slip systems were 
weakly activated only at the edge of the specimen in the RC parallel to the Y-
axis. Figures 4.47 and 4.48 show the CPFEM results for strain components, 
the relative activity of deformation modes, and the      of twin variants that 
developed on the Y-Z and X-Z sections, respectively. It is recently reported 
that, due to the orthotropic texture, the stress state through the thickness
direction in polycrystalline Mg is also inhomogeneous during the Erichsen 
test at RT [20]. The spatial distributions of     and     in the RA indicates 
that biaxial tensile strain is applied along both x and y directions in the upper 
portion, while tensile and compressive strains are applied in the x and y 
directions in the lower portion. The spatial distribution of     that developed 
on the Y-Z section (Figure 4.47(a)) indicated that tensile strain was applied to 
the upper portion of RA and to the lower portion of RC, while compressive 
strain was applied to the lower portion of RA and to the upper portion of RC. 
On the other hand, the spatial distribution of     that developed on the X-Z 
section (Figure 4.48(a)) indicates that tensile strain was applied to the upper 
portion of RA while compressive strain was mostly applied to the lower 
portion of RA. It is noteworthy that the     that had developed on the X-Z
section was almost zero through the thickness direction at the dome edge of 
RC, meaning that this geometrically approximated plain-strain conditions. On 
the other hand, considering the strain components observed with the Y-Z 
section at the dome edge of the RC, the deformation behavior of this region 
seemed similar to that obtained in the V-bending test [18]. In other words, the 
outer and inner portions of RC are considered as tension and compression
zones, respectively. Interestingly, the RB in the Y-Z section did not effectively 
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contribute to the deformation, which indicated that it was difficult to deform 
the specimen in the y direction during the Erichsen test, and the V-bending
effect that occurred in the RC enabled the dome to deform. Figures 4.47(b) 
and 4.48(b) show the      of the TTW variants in the Y-Z and X-Z sections, 
respectively. In the RA, regardless of section, the values for      of the TT1, 
TT3, TT4 and TT6 in the upper portion were relatively higher than those in 
the lower portion, while the values for      of the TT2 and TT5 in the lower 
portion were relatively higher than those in the upper portion. This behavior 
can be attributed to tensile deformation in the y direction in this portion 
during the Erichsen test. Based on the experimental results, this will be 
discussed in more detail in Section 4.4.2. In the RB, the      of the TT1 and 
TT4 was negligible in the Y-Z section, and the      of the TT2 and TT5 at 
the bottom of the specimen in the X-Z section was relatively higher than that 
of the other twin variants. This behavior seemed due to the tensile strain in the 
x direction and to the compressive strain in the y direction in the lower portion 
of the X-Z section. In the RC, the      at the upper portion of the specimen 
in the Y-Z section was relatively higher than that at the lower portion because 
the strain was small in the x direction but compressive strain was acting in the 
y direction in this portion. On the other hand, the value for      was low at 
the center of the specimen in the X-Z section despite a high relative activity of 
twin, which can be attributed to a relatively low level of deformation in RC 
during the Erichsen test compared with that in both RA and RB.
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Figure 4.44 (a) Initial crystallographic orientation and (b) Erichsen test results 
of orientation C (IE = 2.0 mm).
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Figure 4.45 CPFEM results for the top-surface of orientation C (IE = 2.0 mm)
after the Erichsen simulation: spatial distribution of (a) strain components, (b) 
relative activities of deformation modes, and (c) accumulated volume fraction 
of TTW variants.
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Figure 4.46 CPFEM results for the bottom-surface of orientation C (IE = 2.0 
mm) after the Erichsen simulation: spatial distribution of (a) strain 
components, (b) relative activities of deformation modes, and (b) accumulated 
volume fraction of TTW variants.
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Figure 4.47 CPFEM results for the Y-Z section of orientation C (IE = 2.0 mm)
after the Erichsen simulation: spatial distribution of (a) strain components, 
relative activities of deformation modes, and (b) accumulated volume fraction 
of TTW variants.
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Figure 4.48 CPFEM results for the X-Z section of orientation C (IE = 2.0 mm)
after the Erichsen simulation: spatial distribution of (a) strain components, 
relative activities of deformation modes and (b) accumulated volume fraction 
of TTW variants.
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4.4.2 Characterization of TBs using EBSD analysis
Figure 4.49(a) demonstrates the TTW and compression twin (CTW) 
variants that can be activated from the initial crystallographic orientation of 
Mg single crystal during the Erichsen test. In some areas, CTW was 
experimentally observed and thus considered together in the twin orientation 
analysis. Six variants of CTW were additionally considered as follows: 
CT1— (101 1)[101 2 ] , CT2— (1 011)[1 012 ] , CT3— (011 1)[011 2 ] , 
CT4— (01 01)[01 12 ], CT5— (11 01)[11 02 ], and CT6— (1 1 01)[1 102 ]. 
Figure 4.49(b) depicts the geometrical calculation of TTW traces that had 
occurred in the Y-Z and X-Z sections during the Erichsen test. Interestingly, 
TT2 and TT5 were parallel to the vertical direction, whereas TT1, TT3, TT4
and TT6 were analyzed to grow in a state of being inclined across the 
thickness of the specimen. In the Y-Z section, TT1/TT6 and TT3/TT4 were 
tilted 60° clockwise (cw) and 60° counterclockwise (ccw) respectively based 
on the z-axis. In the X-Z section, TT1/TT6 and TT3/TT4 were inclined by 39° 
cw and 39° ccw respectively based on the z-axis.
Figure 4.50(a) is a schematic representation of the Y-Z and X-Z 
sections after the Erichsen test. Analysis of the microtexture evolutions in RB 
was divided into two portions: RB1 adjacent to RA and RB2 adjacent to RC. 
The microtexture evolution in RC were also analyzed in two portions: RC1 
adjacent to RB and RC2 adjacent to the dome edge. The PD(//Z)-inverse pole 
figure (PD-IPF) maps of the two cross-sections appear in Figure 4.50(b), and 
corresponds to the right-half of the schematic representation in Figure 4.50(a).
The crystal orientation of the deformed specimen was corrected by rotation, 
which was based on the GCS to ease analysis. Microtexture analysis of the 
cross-sections revealed that the heterogeneous evolution of deformation 
145
twinning was developed in a heterogeneous manner throughout the deformed 
specimen, exhibiting the differences in surface slopes along X and Y 
directions.
Microtexture analysis combined with the TTW traces effectively 
explained the twinning behavior occurring in a deformed Mg single crystal 
during the Erichsen test. LSCS was used to describe the spatial morphology 
and variant type of TBs developed in the Y-Z and X-Z sections. Moreover, 
the thickness of the observation area was equally divided into five portions to 
explain the twinning behavior based on LSCS: upper (U), upper-middle (UM), 
middle (M), lower-middle (LM), and lower (L). The color used to draw the 
TTW traces was also applied to the TBs to more easily identify the 
corresponding variants.
Figure 4.51 shows the results of the twin analysis for RA. In the Y-Z 
section, three variants of TTW (TT2, TT3 and TT5) occurred unevenly 
through the thickness direction of the deformed specimen with a total twin 
area fraction of 0.127. TT2 was formed from the L portion to the UM portion 
along the z-axis. TT3 with a very small fraction of twinned area (< 0.001) was 
formed from the M portion to the LM portion in an inclining state at a specific 
tilt angle (~ 60° ccw) with respect to the z-axis. TT5 with the largest fraction 
of twinned area (0.098) was formed from the L portion to the UM portion 
along the z-axis. In the X-Z section, three variants of TTW (TT1, TT2 and 
TT5) were activated unevenly through the thickness direction of the specimen 
with a total twin area fraction of 0.269. TT1 was formed from the L portion to 
the UM portion in an inclining state at a specific tilt angle (~ 39° cw) with 
respect to the z-axis. TT2 with the largest fraction of twinned area (0.147) was 
formed throughout the specimen (from both the U portion and the L portion) 
along the z-axis. TT5 was formed throughout the specimen (from both the U 
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portion and the L portion) along the z-axis. The commonly observed twin 
variants in the Y-Z and X-Z sections of RA were TT2 and TT5.
Figure 4.52 shows the results of the twin analysis for RB1. The Y-Z 
section exhibited a surface slope of ~ 3° based on the Y-axis, whereas the X-Z 
section has a surface slope of ~ 16° based on the X-axis. In the Y-Z section, 
only TT2 occurred unevenly through the thickness direction of the deformed 
specimen with a very small fraction of twinned area (< 0.001). TT2 was 
formed in the L portion along the z-axis. In the X-Z section, all the six 
variants of TTW were activated unevenly through the thickness direction of 
the specimen with a total twin area fraction of 0.322. TT1 was formed from 
the L portion to the LM portion as well as from the U portion to the UM 
portion in an inclining state at a specific tilt angle (~ 39° cw) with respect to 
the z-axis. TT2 with the largest fraction of twinned area (0.214) was formed 
throughout the specimen (from both the U portion and the L portion) along 
the z-axis. TT3 was formed from the L portion to the LM portion in an 
inclining state at a specific tilt angle (~ 39° ccw) with respect to the z-axis.
TT4 with a very small fraction of twinned area (< 0.001) was formed in the U 
portion in an inclining state at a specific tilt angle (~ 39° ccw) with respect to 
the z-axis. TT5 was formed throughout the specimen (from both the U portion 
and the L portion) along the z-axis. TT6 was formed from the L portion to the 
LM portion in an inclining state at a specific tilt angle (~ 39° cw) with respect 
to the z-axis. TT2 was the commonly observed twin variant in the Y-Z and X-
Z sections of RB1.
Figure 4.53 shows the results of the twin analysis for RB2. The Y-Z 
section exhibited a surface slope of ~ 7° based on the Y-axis, whereas the X-Z 
section has a surface slope that was almost parallel to the X-axis. In the Y-Z 
section, two variants of TTW (TT2 and TT5) occurred unevenly through the 
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thickness direction of the deformed specimen with a total twin area fraction of 
0.007. TT2 with the largest fraction of twinned area (0.005) was formed from 
the U portion to the M portion along the z-axis. TT5 was formed from the U 
portion to the UM portion along the z-axis. In the X-Z section, five variants of 
TTW (TT1, TT2, TT3, TT4 and TT5) were activated unevenly through the 
thickness direction of the specimen with a total twin area fraction of 0.111.
TT1 was formed from the L portion to the UM portion in an inclining state at 
a specific tilt angle (~ 39° cw) with respect to the z-axis. TT2 with the largest 
fraction of twinned area (0.046) was formed throughout the specimen (from 
both the U portion and the L portion) along the z-axis. TT3 with a very small 
fraction of twinned area (< 0.001) was formed in the L portion in an inclining 
state at a specific tilt angle (~ 39° ccw) with respect to the z-axis. TT4 was 
formed throughout the specimen (from the L portion to the U portion) in an 
inclining state at a specific tilt angle (~ 39° ccw) with respect to the z-axis.
TT5 was formed throughout the specimen (from both the U portion and the L 
portion) along the z-axis. The commonly observed twin variants in the Y-Z 
and X-Z sections of RB2 were TT2 and TT5.
Figure 4.54 shows the results of the twin analysis for RC1. The Y-Z 
section exhibited a surface slope of ~ 7° based on the Y-axis, whereas the X-Z 
section has a surface slope that was almost parallel to the X-axis. In the Y-Z 
section, only TT2 occurred unevenly through the thickness direction of the 
deformed specimen with a twin area fraction of 0.004. TT2 was formed from 
the U portion to the M portion along the z-axis. In the X-Z section, three 
variants of TTW (TT1, TT2 and TT5) occurred unevenly through the 
thickness direction of the deformed specimen with a total twin area fraction of 
0.343. TT1 was formed from the L portion to the LM portion as well as from 
the UM portion to the U portion in an inclining state at a specific tilt angle (~ 
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39° cw) with respect to the z-axis. TT2 with the largest fraction of twinned 
area (0.226) was formed throughout the specimen (from both the U portion 
and the L portion) along the z-axis. TT5 was formed throughout the specimen 
(from both the U portion and the L portion) along the z-axis. TT2 was the 
commonly observed twin variant in the Y-Z and X-Z sections of RC1.
Figure 4.55 shows the results of the twin analysis for RC2. In the Y-Z 
section, four variants of TTW (TT1, TT2, TT3 and TT5) occurred unevenly 
through the thickness direction of the deformed specimen with a total twin 
area fraction of 0.008. TT1 with a very small fraction of twinned area (< 
0.001) was formed in the M portion in an inclining state at a specific tilt angle 
(~ 60° cw) with respect to the z-axis. TT2 with the largest fraction of twinned 
area (0.007) was formed from the U portion to the UM portion along the z-
axis. TT3 with a very small fraction of twinned area (< 0.001) was formed 
from the M portion to the LM portion in an inclining state at a specific tilt 
angle (~ 60° ccw) with respect to the z-axis. TT5 was formed from the U 
portion to the UM portion along the z-axis. In the X-Z section, three variants 
of TTW (TT2, TT4 and TT5) were activated unevenly through the thickness 
direction of the specimen with a total twin area fraction of 0.394. TT2 was 
formed throughout the specimen (from both the U portion and the L portion) 
along the z-axis. TT4 was formed from the L portion to the LM portion in an 
inclining state at a specific tilt angle (~ 39° ccw) with respect to the z-axis.
TT5 with the largest fraction of twinned area (0.210) was formed throughout 
the specimen (from both the U portion and the L portion) along the z-axis. 
The commonly observed twin variants in the Y-Z and X-Z sections of RC2 
were TT2 and TT5.
Figure 4.56 compares the twinning behaviors that occurred in the five 
subdivided regions of the (a) Y-Z and (b) X-Z sections for orientation C (IE = 
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2.0 mm). A majority of the TTW variants in the Y-Z section existed 
throughout RA, RB1 and RC2. This result seemed due to the opposite strain 
gradient through the thickness direction. In other words, the TTWs were 
concentrated in the regions where the     component was positive and the 
    component was negative. The most important observation here is that 
most TBs were nucleated at the free surface of deformed specimen and tended 
to propagate into the matrix. In order to accommodate the initial external 
strain of the Erichsen test, shear deformation occurred in the basal 〈 〉 slip 
system as well as in the TTW system. Accumulation of shear deformation 
tended to create small irregularities in the free surface of deformed specimen. 
As a result, it is believed that the stress concentration occurring at these small 
irregularities during deformation provided the nucleation site for the TBs.
Analysis of the TTW behavior in the X-Z section quantitatively shows that the 
TBs in RA, RB, and RC1 developed mainly in the lower portion of the 
deformed specimen and the TBs in RC2 developed mainly in the upper 
portion of the deformed specimen. This result can be explained by the 
distribution of the strain components, as demonstrated in the Y-Z section. The 
    component in a region where TBs are observed has a positive value that 
is favorable for the nucleation of TBs, while the     component has a very 
low value in the same region of a deformed specimen. The spatial distribution 
of the relative activity of the TTW provided a good explanation for the 
location of the TTW that is observed experimentally in the deformed 
specimen.
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Figure 4.49 (a) TTW and CTW variants with their corresponding Miller 
indices for the initial crystallographic orientation and (b) geometrical 
calculation of TTW traces occurring in the Y-Z and X-Z sections of 
orientation C (IE = 2.0 mm).
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Figure 4.50 The PD(//Z)-inverse pole figure (PD-IPF) maps in the Y-Z and X-
Z sections (corresponding to the right half of the schematic diagram) of
orientation C (IE = 2.0 mm).
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Figure 4.51 Twin analysis of RA in the (a) Y-Z and (b) X-Z sections of 
orientation C (IE = 2.0 mm).
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Figure 4.52 Twin analysis of RB1 in the (a) Y-Z and (b) X-Z sections of 
orientation C (IE = 2.0 mm).
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Figure 4.53 Twin analysis of RB2 in the (a) Y-Z and (b) X-Z sections of 
orientation C (IE = 2.0 mm).
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Figure 4.54 Twin analysis of RC1 in the (a) Y-Z and (b) X-Z sections of 
orientation C (IE = 2.0 mm).
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Figure 4.55 Twin analysis of RC2 in the (a) Y-Z and (b) X-Z sections of 
orientation C (IE = 2.0 mm).
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Figure 4.56 A comparison of the five subdivided regions in the (a) Y-Z and 
(b) X-Z sections of orientation C (IE = 2.0 mm).
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Figure 4.57 shows the values for basal slip activation as a function of 
the five subdivided regions in the Y-Z and X-Z sections of both orientation B
and orientation C. The result show that the values for basal slip activation of 
orientation B are higher than those for orientation C throughout the deformed 
specimen. Interestingly, orientation C exhibited the Erichsen value of 2.0 mm, 
even though there are a considerable number of tensile twins. The results 
show that only the rotation angle of 30° based on the c-axis caused the 
significant difference and this was attributed to the existence of tensile twins 
which assist in making favorable orientation for additional basal slip 
activation by crystallographic reorientation and consequently basal slip occurs 
along the reoriented directions, as shown in orientation B.
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Figure 4.57 Values for basal slip activation as a function of the five 
subdivided regions in the (a) Y-Z and (b) X-Z sections of both orientation B 
(IE = 6.8 mm) and orientation C (IE = 2.0 mm).
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4.5 Comparison
4.5.1 Room temperature vs. elevated temperature
The respective five subdivided regions in the X-Z section of three 
orientation conditions were compared in Figure 4.58. Unlike orientation A, it 
was found that a large amount of tensile twins was observed in both 
orientation B and C due to the geometry of their initial crystallographic 
orientations. Interestingly, the angle difference of prismatic planes by 30°
based on the c-axis can cause a large difference with respect to the stretch 
formability at RT. In Figure 4.59, the spatial distribution for the bottom 
surface of three orientation conditions also depicts that the relative activities 
of tensile twins in both orientation B and C along X direction were higher 
than orientation A. However, the results in the present study exhibit that the 
tensile twins in orientation B, especially nucleated from the bottom surface of 
the deformed specimen inducing the activation of additional basal slip toward 
the newly oriented direction, are favorable for improving RT stretch 
formability, while those in orientation C are not. Therefore, orientation B can 
be defined as the twinning-induced soft orientation, while orientation C can be 
defined as twinning-induced hard orientation.
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Figure 4.58 A comparison of the five subdivided regions in the X-Z section: 
(a) orientation A (IE = 2.5 mm), (b) orientation B (IE = 6.8 mm) and (c) 
orientation C (IE = 2.0 mm).
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Figure 4.59 A comparison of the relative activities of deformation modes for 
the bottom-surface: spatial distribution of (a) orientation A (IE = 2.5 mm), (b)
orientation B (IE = 6.8 mm) and (c) orientation C (IE = 2.0 mm).
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Figure 4.60 exhibits the Erichsen test results for five representative 
crystallographic orientations at RT, 140°C and 220°C, respectively. The 
orientation conditions need to systematically distinguish as follows: Firstly, 
the crystallographic orientation A and B are considered based on the loading 
direction along <101 0>. The condition of 45° between the loading direction 
and c-axis is denoted as orientation A. Likewise, the condition of 90° between 
the loading direction and c-axis is denoted as orientation B. Secondly, the 
crystallographic orientation C and D are considered based on the loading 
direction along <112 0>. The condition of 90° between the loading direction 
and c-axis is denoted as orientation C. Likewise, the condition of 45° between 
the loading direction and c-axis is denoted as orientation D. Lastly, based on 
the loading direction along <0001>, the condition of 90° between the loading 
direction and c-axis is denoted as orientation E.
During the plastic deformation in Mg, the CRSSs of non-basal slip 
modes decrease with increasing temperature. Thermally activated non-basal 
slip modes compete with twinning and it results in diminishing twinning with 
increasing temperature, therefore, non-basal slip modes can easily activate at 
elevated temperature. Figure 4.61 shows the inverse pole figure maps and 
their pole figures in the X-Z section of orientation B at RT and 220°C. A
comparison between RT and 220°C with respect to the relative activities of 
deformation modes the X-Z section of orientation B is also shown in Figure 
4.62. It was found that the main deformation mode at RT was tensile twin, 
while the pyramidal 〈  +  〉 slip were mainly activated at 220°C. It is 
interesting to note that the Erichsen value of 6.8 mm at RT for orientation B is 
a considerable number to the other conditions, even the non-basal slip modes
were activated at elevated temperatures.
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Figure 4.60 Erichsen test results for five representative crystallographic 




Figure 4.61 (a) Inverse pole figure maps and (b) their pole figures in the X-Z 
section of orientation B at RT (IE = 6.8 mm) and 220°C (IE = 7.7 mm).
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Figure 4.62 A comparison of the relative activities of deformation modes in 
the X-Z section of orientation B: (a) RT (IE = 6.8 mm) and (b) 220°C (IE = 
7.7 mm).
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4.5.2 Single crystal vs. poly crystal
An as-rolled AZ31 sheet with the thickness of 55 mm was used to in 
order to systematically examine the effect of initial texture on RT stretch
formability in Mg poly crystal. The specimens for microstructure, texture
measurement and tensile test were obtained at the mid-thickness of the 55t 
rolled AZ31 sheet. Figure 4.63(a) exhibits the representative microstructure of 
the plane parallel to the normal direction (ND) and the initial textures with 
three distinct angles of 0°, 45° and 90° with respect to the ND. Based on the 
three distinct initial textures, tensile test was conducted at room temperature 
with the initial strain rate of 1×10-4/s.
Orientation F whose initial texture has the basal poles mostly parallel to 
the ND, similar to orientation E, can be typically obtained after rolling.
Orientation G has the initial texture with the basal poles tilted about 45° from 
the ND to the rolling direction (RD), similar to orientation A and D. Due to 
the initial texture favorable for the basal slip activation, orientation G
exhibited the highest elongation with the lowest yield and ultimate tensile
strengths among the three orientations in Figure 4.63. Orientation H has the 
initial texture with the basal poles mostly parallel to the RD, similar to
orientation B and C. The stress-strain curve of orientation H exhibited the 
relatively low yield strength but the highest ultimate tensile strength due to the 
significant work hardening, which was ascribed to the initial texture favorable 
for tensile twinning. Therefore, the highest n-value was achieved among the 
three conditions. Interestingly, the yield strength values in both orientation G
and H are similar to each other. Moreover, the stress-strain curve of 
orientation G nearly corresponds to that of orientation H within the strain of 6%
and still has the distinct work hardening. The results indicate that tensile 
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twinning can additionally occur to accommodate the strain during the tensile 
deformation.
Figure 4.63(b) shows the Erichsen values of AZ31 poly crystal for three 
representative initial textures at RT, 140°C and 220°C, respectively. The 
temperature conditions were the same as those for pure Mg single crystal. Due 
to the initial textures similar to the crystallographic orientations of single 
crystal, the Erichsen values for three initial textures of poly crystal are 
expected to have a similar tendency. Based on the single crystal study with 
respect to the orientation A, B, C, D and E, relatively high Erichsen value at 
RT is expected on orientation H by activating a large amount of tensile twins 
due to the geometry of its initial texture. However, unlike the result for 
orientation A and D for single crystal, orientation G exhibited the highest 
Erichsen value. The results imply that the dominant basal slip in combination
with tensile twinning for strain accommodation is effective to improve RT 
stretch formability of AZ31 poly crystal.
Furthermore, the Erichsen values of orientation G and H at 220°C are 
close to 8.0 mm, which is similar to those of orientation A, B, C and D for 
single crystal. It was found that the Erichsen values among the eight
orientation conditions in the present study, irrespective of whether the 
material is a poly crystal or not, cannot exceed 8.0 mm, even at the 
temperature of 220°C. Another interesting point to note is that the Erichsen 
values show that 6.8 mm in orientation B is a considerable number with 
respect to RT stretch formability by only controlling the initial 
crystallographic orientation of Mg single crystal. Further in-depth study will 
be conducted in the near future to fine out the mechanism with experimental 
evidence to understand the correlation between single crystal and poly crystal.
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Figure 4.63 Experimental results of AZ31 poly crystal: (a) tensile properties 
with its microstructure and initial textures and (b) Erichsen values for three 
representative initial textures at RT, 140°C and 220°C, respectively.
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4.6 Conclusion
In the present work, the influences of strain path on twinning behavior 
in Mg single crystal during Erichsen test have been investigated by 
experimental and theoretical approaches. The conclusions are summarized as 
follows:
1. Plastic anisotropy in Mg single crystal induces an anisotropically 
deformed dome shape along a certain direction during Erichsen testing.
2. The single crystal study and CPFEM result revealed that the 
heterogeneous twinning evolution throughout the deformed specimen is 
attributed to the non-uniform distribution of strain components due to 
geometric shape of the test equipment and anisotropic nature of the material 
itself.
3. Since the applied stress state in the Erichsen test at RT is found to be 
more complex compared to that in other plastic deformations, the 
crystallographic orientation favorable for the basal slip activation cannot 
guarantee the enhanced stretch formability.
4. The proper deformation in X-Z section was ascribed to the tensile twin 
variants induced by the compressive strain path, which provides a direction on 
how to improve RT stretch formability.
5. The results suggest that designing the texture favorable for activating 
tensile twins which can release the anisotropic nature of Mg is essential to 
enhanced stretch formability at RT.
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